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Preface and Summary 
The present report about general and special engineering materials science 
is the result of lectures given by the authors in two terms in 1982 at 
Instituto Balseiro, San Carlos de Bariloche, the graduated college of the 
Universidad de Cuyo and Comision Nacional de Energia Atomica, Republica 
Argentina. These lectures were organised in the frame of the project 
"nuclear engineering" (ARG/78/020) of the United Nations Development 
Program (UNDP) by the International Atomic Energy Agency (IAEA). 
Some chapters of the report are written in English, others in Spanish. 
The report is subdivided into three volumes: 
Volume I treats_general engineering materials science in 4 capital 
chapters on 
- the structure of materials 
- the properties of materials 
- materials technology 
- materials testing and investigation 
supplemented by a selected detailed chapter about elasticity plasticity 
and rupture mechanics. 
Volume II concerns ~pecial engineering materials science with respect to 
nuclear materials under normal reactor operation conditions including 
- reactor clad and structural materials 
- nuclear fuels and fuel elements 
- nuclear waste as a materials viewpoint 
Volume III - also concerning §P~ engineering materials science - con-
siders nuclearmaterials with respect to off-normal ("accident") reactor 
operation conditions including 
- nuclear materials in loss-of-coolant accidents 
nuclear materials in core melt accidents. 
Decernber 1982 Gerhard Ondracek 
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La presente serie de tres informes procede de un curso de dos 
semestres sobre ciencias de los materiales en que los autores 
participaron como docentes invitados en el Institute Balseiro, 
para estudiantes de la carrera de Ingenieros Nucleares de la 
Universidad de Cuyo en San Carlos de Bariloche, dentro del 
proyecto "Nuclear Engineering" (ARG/78/020) del Organismo 
Internacional de Energia At6mica (OIEA), United Nations Develop-
ment Program (UNDP). Los diferentes capitulos estan escritos en 
idioma ingles o espanol. 
El primer informe trata de la ciencia general de los materiales 
y esta subdividido en capitulos sobre: 
- la estructura de los materiales 
- la tecnologia de los materiales y 
- el ensayo de materiales 
y se completa mediante un capitulo selecto donde se profundiza 
el tema de las caracteristicas mecanicas: elasticidad, plasti-
cidad y mecanica de la fractura. 
El segundo informe sobre ciencia especial de los materiales trata 
de los materiales de reactores bajo condiciones normales de fun-
cionamiento del reactor: 
- materiales de vaina y de estructura del reactor, 
- combustibles nucleares y elementos combustibles, 
- desecho nuclear como problema de material. 
El tercer informe - tambien sobre ciencia especial de los mate-
riales - 1 trata de los materiales de reactores bajo condiciones 
de accidente: 
- materiales de reactores en el accidente con perdida de re-
frigerante 
- materiales de reactores en el accidente de fusi6n del nucleo 
del reactor. 
Diciembre de 1.982 Gerhard Ondracek 
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Vorwort und Zusammenfassung 
Allgemeine und spezielle Werkstoffkunde 
Der vorliegende Report über allgemeine und spezielle Werkstoffkunde ist das 
Ergebnis von Vorlesungen, die die Autoren über zwei Semester 1982 am 
Institut Balseiro;dem Graduierten-College der Universität von Cuyo und 
der Kommission Nacional de Energia Atomica in San Carlos de Bariloche, 
Argentinien,gehalten haben. Die Vorlesungen wurden im Rahmen des Projektes 
Kerntechnik (ARG/78/020) des Entwicklungsprogramms der Vereinten Nationen 
(UNDP) veranstaltet und von der Internationalen Atomenergiebehörde (IAEA) 
in Wien organisiert. 
Einige Kapitel des Reports sind in Englisch geschrieben, andere in Spanisch. 
Der Report gliedert sich in drei Bände: 
Band 1 behandelt die Grundlagen der allgemeinen Werkstoffkunde in 4 Kapiteln 
über 
- den Aufbau von Werkstoffen 
- die Eigenschaften von Werkstoffen 
- die Werkstofftechnologie 
-die Werkstoffprüfung und -untersuchung, 
die ergänzt werden durch _ausgewählte Kapitel über Elastizität, Plastizität 
und Bruchmechanik. 
Band 2 betrifft spezielle Werkstoffkunde und zwar Reaktorwerkstoffe unter 
normalen Betriebsbedingungen eines Kernreaktors und behandelt 
- ReaktorhÜll- und Strukturwerkstoffe 
- Nukleare Brennstoffe und Brennelemente 
- Nuklearen Abfall und seine Behandlung als Werkstoff 
Band 3 betrifft ebenfalls spezielle Werkstoffkunde und behandelt Reaktorwerk-
stoffe unter Störfallbedingungen~ wie den Kühlmittelverlust-Unfall und derr. 
Core-Schmelzunfall. 
Dezember 1982 Gerhard Ondracek 
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PART I 
Behaviour of LWR, HWR and LMFBR oxide fuel rods under 
normal and off-normal (accidential)operation 
conditions 
P. Hofmann 
N 0 T E 
This report is to provide a generat survey of the fuel rod 
behaviour in LWRs, HWRs and LMFBRs, both under normal reactor 
Operating conditions and under off-normal conditions. The 
different parameters are described which determine the fuel 
rod behavior. The individual chapters do not claim to be 
complete. The fuel rod behavior is described in qualitative 
terms only. The reader interested in a detailed quantitative 
description of the fuel rod.behavior is referred to the 
literature listed at the end of the relevant chapters. 
R. IRRADIATION AND BURNUP EFFECTS 
IN LWR AND HWR FUEL RODS 
1, IRRADIATION AND BURNUP EFFECTS DURING STEADY 
STATE REACTOR OPERATION CONDITIONS 
1.1 CLADDING IRRADIATION DAMAGE 
1.2 FUEL-CLADDING GAP (LOSURE AND MECHANICAL INTERACTIONS 
1.3 FISSION PRODUCT EFFECTS 
1.4 ADDITIONAL EFFECTS 
2. SIMULATION OF IRRADIATION AND BURNUP EFFECTS 
2.1 CLADDING IRRADIATION DAMAGE 
2.2 FUEL-CLADDING MECHANICAL INTERACTIONS 
2.3 FISSION PRODUCT EFFECTS 
2.4 ADDITIONAL PHENOMENA 
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fi. IRRADIATION AND BURNUP EFFECTS IN LWR FUEL RODS DURING STEADY 
STATE REACTOR OPERATION CONDITIONS 
Table 1 presents a general summary of factors affecting fuel rod be-
haviour. The term "irradiation effect" is applied to these phenomena 
since all are environmental-service caused, if not directly influenced 
by the neutron flux-itself. 
The effect of probable importance may be grouped in the following cate-
gories: 
1.1. 
1.2 
1. 2.1 
1.2.1.1. 
1.2.1.2. 
1.2.1.3. 
1.2.2. 
1. 2. 3. 
1.2.3.1. 
1.2.3.2. 
1.2.3.3. 
1. 3. 
~ .3. I. 
1.3.2. 
I. 4. 
1.4.1. 
1.4.2. 
1. 4.3. 
Cladding Irradiation Darnage 
Fuel-Cladding Gap Closure and Mechanical Interaction 
Burnup related causes 
Fuel pellet cracking 
Cladding creepdown and collapse 
Internal cladding oxidation 
Effects of fuel density and density changes 
Results of mechanical interactions 
Cladding ridging 
Incipient cladding cracking 
Rod growth and bowing 
Fission Product Effeets 
Gas release 
Stress corrosion cracking 
Additional Effects 
Fuel restructuring 
Crud and oxide formation 
Oxygen to metal ratio. 
These effects are briefly discussed in the above order. 
1. 1. Cladding Irradiation Darnage 
Neutron irradiation produces substantial increases in the yield 
and ultimate tensile strengths of zircaloy eladding, accompanied by 
equally substantial decreases in uniform and total elongations and strain 
hardenability. 
Point defects - vacancies and interstitial atoms - and their aggregates 
are produced by neutron irradiation. The particular form these defects 
take depends upon the irradiation temperature. Self-interstitials are 
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mobile far below room temperature, but vacancies in zircaloy require 
temperatures on the order of 150°C in order to migrate freely. At ir-
radiation temperatures allowing significant mobility several reactions 
are possible. Vacancies and interstitials will cluster with their own 
kind or otherwise become trapped at impurities or dislocations, or 
will annihilated in another. The dislocation density, as determined 
by the degree of cold work, then becomes an important factor in de-
termining the darnage state. The kind and concentration of impurities 
is also a significant factor. 
As the defect density increases, so does the probability that newly 
created interstitials and vacancies will be immediately annihilated by 
previously created nearby defects. The rate of darnage production in 
zircaloy cladding is then greater for fresh material. As exposure con-
tinues, the darnage rate steadily decreases, as do the accompanying 
changes in material properties. A saturation level in defect concen-
tration and material properties is reached. 
Cladding properti~s that exhibit saturation include yield stress, 
ultimate tensile stress, uniform and total elongation, and strain 
hardenability. The influence required to achieve saturation depends 
upon material properties of composition, cold work level, specimen 
orientation (texture) and other fabrication variables. This accounts 
for the variation in reported results. Strength changes saturate bet-
ween 1021 and 1022 n/cm2 (E > l MeV), with ductility saturating between 
3 x 1019 and 1020 n{cm2. 
1.2. Fuel-Cladding Gap Closure and Mechanical Interaction 
Gap closure is influenced by the five phenomena discussed below -
cladding creepdown, fuel pellet cracking, fuel densification, fuel 
swelling, and internal cladding oxidation. All of these effects contri-
bute to increased fuel-cladding mechanical interactions. 
When a LWR fuel rod is brought to power for the first time, the radial 
clearance between the pellet stack and the cladding will decrease with 
increased specific power due to the greater relative thermal expansion 
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of the fuel and also due to the development of fuel cracks. Cladding 
ereepdown will contribute to gap closure with increasing burnup. ~uel 
densification is also a factor since it delays swelling) increases the 
fuel density, and may cause severe fuel-claddin8 mechanical interactions. 
The relative importance of these phenomena varies with rod design and 
the inreactor environrnent. Creepdown can be significant in PWR service, 
but in BWR reactors, the lower system pressure and cladding temperature 
results in lower creep rates. In extreme cases, for unpressurized PWR 
fuel rods, fuel stack have occured and complete flattening of the clad-
ding in the gap was observed. Complete collaps has not been observed 
in prepressurized PWR rods, although creepdown into the fuel is ex-
pected for such rods late in life. Fuel swelling is another effect that 
varies w·ith environrnent. 
In the design of fuel rods, a large gap will delay fuel-cladding inter-
action but it will also decrease gap conductance. An optimum choice in-
volves a compromise between these effects. Experiments has shown that 
diametral gaps on the order of 1.5 to 2.5% of the fuel diameter provide 
satisfactory performance at linear heat generation rates of 33 KW/m or 
greater. 
1.2. 1. Burnup Related Causes of Gap Closure and Fuel-Cladding Mechanical 
Interaction 
1.2.1.1. Fuel Pellet Cracking- Fuel pellet cracking is commonly observed 
in all light water reactors. Out-of-pile experiments have shown that a 
0 
tempera.ture difference from center to surface of approximately 100 C will 
initiate cracking. Temperature differences under irradiation are usually 
more than 400°C, and so cracking is assured. 
Fuel pellet cracking is probably one if the principal causes of fuel-cladding 
gap closure. In fact, it is thought to be the main reason for closure at 
substantially lower levels than predicted solely by thermal expansion con-
siderations. A thermal expansion mechanism would lead to a direct re-
lationship between initial gap size and the onset of mechanical interac-
tions. The lack of experimental support for a thermal expansion correla-
tion gives credence to the belief that fuel cracking and gap closure are 
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closely related. 
During power increases, tensile stresses occuring. in the outer regions 
of a fuel pellet cause a number of radial cracks to develop from the sur-
face toward the center. Continuing burnup produces swelling in the fuel 
material which increases the stresses on the pellet fragments as they press 
against the cladding and each other. At temperatures above approximately 
0 1300-1400 C, the crack will eventually close through plastic flow and re-
sisting of the fuel. 
Characterizing the fracture strength of a given oxide fuel composition 
is not a simple task. In the brittle range, the fracture strength is 
sensitive to material and environmental conditions, including temperature, 
stress state, strain rate porosity, grain size, specimen dimensions, sur-
face conditions, and atmosphere. 
Attemptshave been made to predict fuel cracking based on mechanical data 
of the fuel. Recent information indicates that there is a possible linear 
relationship between the average number of radial cracks and the linear 
heat generation rate and that power cycling does nOt seem to affect crack 
patterns. 
1. 2. 1. 2 Cladding Creepdown - One of the problems wi th the use of zirconium 
alloys as cladding is the increase 1n creep rate during reactor operation. 
This enhancement is apparently due to the interaction of irradiation-in-
duced point defects with dislocations. It has been proposed that the creep 
rate is controlled by the absorption of vacancies and interstitials at dis-
locations. 
Recent work on the inreactor creep of biaxially stressed (by internal 
pressure) cold-worked zircaloy tubing has given linearrelationship bet-
ween log strain and log time. This implies that 
E = ßtm, 
where E is t.he creep strain, ß is a constant for a particular experiment 
and the power function m is the slope of the log-log curve. There was no 
significant difference between the unirradiated and the thermal-neutron 
irradiated tubes, each giving a slope m of 0.24 to 0.27. The samples 
in a fast flux of 3 x 10 13 n/cm2-sec (E > 1 MeV) gave an increased 
slope of 0.42 to 0.47. In addition to the significant fast effect, this 
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result indicates that as test time is double, the creep rate de-
creases by about 30 per cent. 
1.2.1.3. Internal Cladding Oxidation and Fuel Bonding 
Oxygen released from fission in the uo2 fuel is generally thought 
to be responsible for the buildup of oxide in zircaloy cladding surfaces. 
These internal cladding oxide layers increase the resistance to heat 
transfer (slightly) change the surface emissivity characteristics, and 
later the friction coefficient between the fuel and the cladding. 
Bonding will most likely influence the severity of fuel-cladding mechani-
cal interaction, especially during a power increase. 
1. 2. 2 Effects on Fuel Density and Density Changes 
Density and porosity substantially affect uo 2 fuel mechanical pro-
perties. As a result, fuel density will partially determine the conse-
quences of fuel-cladding mechanical interactions. During reactor service 
fuel densification and swelling occur. Initial fuel density affects the 
rate if these processes as well as the magnitude of potential changes. 
During reactor operation, both densification and swelling can affect 
fuel-cladding interactions - densification by causing increased localized 
cladding stresses upon gap closure, and swelling by contribution to gap 
closure. Densification is also believed to increase the fuel thermal cOn-
ductivity and decrease the gap conductance. Swelling has the opposite 
effects in gap conductance by causing gap closure. The extent to which 
swelling occurs in LWR fuel is somewhat uncertain. 
The rate of densification appears to be dependent upon such things as pore 
size, grain and stoichiometry. The end result is a pellet or pellet 
fragments occupying less volume and possessing the thermal and mechanical 
characteristics of fuel having initially higher fuel density. 
1.2.3 Results of Mechanical Interactions. 
Fuel-cladding mechanical interactions, occuring due to the effects 
discussed above (Sections 1.2. 1 and 1.2.2), are most certainly involved in 
fuel rod failur~.The role may be direct as, for example, in ridge pro-
duction, or it may be more indirect, as a partner in stress corrosion crack-
ing (see Section 1.3.2), for example. Four phenomena will be discussed 
below: Cladding ridging, fuel-cladding bonding, cladding cracking,rod 
growth and bowing. 
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I. 2.3. I Cladding Ridging 
Cladding ridges are produced by greater radial expansion of 
the fuel pellet ends than of the pellet centres due to a nonuniform 
temperature distribution. Nonuniform restrain between the centre and 
the ends of the pellet can also contribute to this effect. 
The amount of ridging depends on the rod power level and on fuel rod 
design parameter such as fuel density, diametral gap, pellet length, 
and pellet end shape. Experiments have shown the ridges to consist of 
a plastic and elastic strain component. The ridges develope during 
an initial power ramp and increase 
linear power. 
in height with increasing rod 
Three types of strain concentrations meet at the ridges and make that 
part of the cladding most susceptible to failure. There are: (a) hoop 
strain from ridging, (b) axial strain from rod elongation, and (c) hoop 
strain from longitudinal cracks in the fuel surface. Failure may take 
place in an axial or transverse direction,depending upon the relative 
magnitude of these strains. Cladding cracks have been observed to 
originate at cladding ridges over the pellet-interfaces, and some 
failure have been reported in which there is a close correlation bet-
ween failure and pellet cracks. 
1.2.3.2 Incipient Cladding Cracking 
Incipient cladding cracks are defined to be partially penetrating 
cracks originating on the inner cladding surface. Some failed rods from 
test reactors have revealed this phenomenon along with through-·cracks. 
Whether incipient or penetrating, however, cracks are normally found 
opposite cracks in a fuel pellet, The existence of incipient cracks in 
unfailed power reactor fuel rods has been dis~uted, as have the funda-
mental causes of cracking. 
One cracking mechanism has been frequently supported - that involving 
localized stress concentrations opposite a fuel crack causing overstrain 
of the embrittled cladding. Another stress-aided mechanism involves the 
presence of a fission product such as as cesium or iodine (as 
in Section 1.3. 2 - stress corrosion cracking). 
discussed 
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1.2.3.3 Rod Growth and Bowing 
Cladding axial length changes occur during reactor service and 
have been attributed to various causes including anisotropic creep, fuel-
cladding interactions, and irradiation growth. 
Since the fuel pellets do not fill the length of the cladding, axial 
deformation of the cladding due to fuel-cladding mechanical interaction 
require large frictional forces. A ratcheting mechanism can provide a 
means for extensive axial growth. The phenomenon has been observed at 
powers as low as 6,5 Kw/m and depends upon cladding properties, pellet 
shape, density, dimensions, and intitial fuel-cladding gap as well as 
heat load. 
Irradiation-induced dimensional changes (irradiation growth) are a func-
tion of material anisotropy, fluence, temperature and degree of cold 
work. The growth mechanism involves selective precipitation of vacancies 
and interstitials causing shrinkage in one crystallographic direction and 
elongation in another. 
1.3. Fission Product Effects 
1.3. 1 Gas Release 
Fission product gas release results from the inability of uranium 
dioxide to accumulate within its structure all of the fission product 
gas atoms thaeTienerated, The pressure developed within a fuel rod by 
the released gases is a potential performance-limiting phenomenon that 
must be allowed for in the design of fuel rods, The pressure is de-
termined by a complicated interaction between_the release process, the 
initial gas content of the rod, the space available to accommodate re-
leased gas. Consequently, it is not feasible to describe the 
fission gas pressure quantitatively except by taking into account the 
detai~doperating history of the fuel rod. 
Most gas is released discontinuously during power changes and the amount 
of released gas is highly temperature dependent. Below approximately 
1300°C less than 1% of the fission gases are released. Regions of the 
fuel heated above about 1800°C release 80 to 90% of the generated fission 
gases. Between 1300 and 1800°C, the gas release fraction is nearly pro-
portional to temperature. 
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I. 3. 2 Stress Corrosion Cracking 
Stress corrosion cracking (SCC) has received widespread atten-
tion as a means of explaining failure of zircaloy clad fuel rods at 
low to intermediate burnup levels. Brittle cracks have been found on 
rods subjected to power increases after having operated for sustained 
periods at low power levels. Extensive out-of-pile experiments have 
confirmed that zircaloy is susceptible to sec in iodine environments. 
Phenomenogically, SSC is stress-induced cracking with the assistance of 
one ore more active chemical species. Once crack initiation occurs (see 
Section I .2.3.l), the chemical agent accelerates its propagation. 
With respect to SCC in fuel elements, it is conjectured that the stress-
concentrator occurs in the vicinity of ridges induced by fuel-cladding 
mechanical interaction, and that the chemically active species is a 
fission-product (Cs, Te, I, Br, etc) which becomes released during an 
increase in rod power . The following observations support these con-
clusions: 
1. Fuel failures occur a few minutes to a few hours after increases in 
rod power 
2. r 2 plus other species are released during power increases 
3. r 2 and stress caused out-of-reactor failure at lower stress levels 
than in the absence of r 2 • 
4. A stress threshold exists in sec Simulation tests below which no 
cracking occurs. 
5. Increased cladding strains from brief operation at high power reduce 
the Stress threshold for SCC at subsequent intermediate power Opera-
tions, As discussed in Sections 1.2.2 there are a number of different 
fuel rod design characteristics that may be releated to the occurance or 
nonoccurence of stress corrosion cracking. Because of these design dif-
ferences, sec, even if responsible for the above observed failures, may 
not produce failures in comrnercial LWR designs. 
1.4. Additiqnal Phenomena 
Neutron irradiation and service in a reactor environment produces 
manyadditional effects not explicitly discussed above. Topic of current 
and future interest in modellng efforts are irradiation induced changes 
I 
in fuel creep, uo2 melting point,U02 and cladding elastic properties, 
and other thermal and mechanical characteristics. 
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I. 4. I Fuel Restructuring 
High temperatures in uo2 fuel cause fuel restructuring - a 
change in grain size and orientation and in fuel density. Due to the 
large temperature gradient across the fuel, the outer surface region 
will generally remain unrestructured. The core region with the highest 
temperatures will undergo columnar grain growth at temperatures above 
1800°C depending on initial fuel density and structure. In the inter-
mediate region, equiaxed grain growth will occur at temperatures from 
0 0 1200-1300 C to 1650 C. 
The presence of restructured fuel will produce somewhat different fuel 
temperature profiles across a fuel pellet, as well as a different 
thermal and mechanical influence upon the cladding. This is especially 
true if a central void forms due to operation at high power levels. 
Only short time at the appropriate temperatures are neede-d for these 
restructuring processes to occur. 
For commercial LWR fuel, the operating power level combined with the 
thermal design characteristics are such that central voids should not 
be present. In fact, columnar grain growth is usually not expected even 
in the rods experiencing maximum power. 
I. 4. 2 Crud and Oxide Formation 
Crud deposits are observed to form in all water-cooled nuclear 
fuel rods. These deposits are normally soft and paraus films up to 
75 ~m thick, consisting mainly of hydrated iron oxides. Upon removal 
of the crud, the cladding does not show any adverse effects from its 
presence. 
Zircaloy oxidation is a continuous function of time at temperature in 
the coolant environment. This environmental-service caused effect re-
sults in slightly increased declining power level of the fuel rod as 
burnup is accumulated. 
The slight temperature rise that is expected due to the surface crud 
and oxide films as burnup proceeds may also slightly affect cladding 
strength and ductility due to increased thermal recovery of irradiation 
damage, 
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1.4.3 Oxygen to Metal Ratio 
Tbe ratio of oxygen to metals atorns is of little concern in 
uraniurn dioxide fuel, but is of rnore irnportance in rnixed oxide fuels 
since surplus oxygen can cause undesirable reactions. In the forrner 
case as-sintered pellets have a stoichiornetric oxygen to uraniurn (0/U) 
ratio of 2.00. Storage and handling procedures are norrnally carried 
out under inert atrnosphere conditions and oxygen pickup~ellets of greater 
than 90% density is insignificant even in dry air, so the 0/U ratio 
at the beginning of irradiation will be 2.00. 
During irradiation, sorne oxygen will becorne available to either 
oxidize the cladding or the fuel. Only part of the fission products have 
an affinity to oxygen high enough to bind the oxygen atorns released by the 
fissioning of the heavy rnetal atorns.Depending on the reaction rate with 
the cladding at the rather low cladding ternperatures during operation the 
oxygen will be picked up by the cladding or will oxidize the fuel to 
higher 0/U levels. However, the increase in 0/U ratio will not be high 
for burnup levels usually reached by cornrnercial water reactor fuel rods 
if only uranium fission is involved. 
In the case of mixed fuels the oxygen to rnetal (0/M) ratio is of more 
concern. For plutonium fission the available amount of surplus oxygen 
is almost twice as high as for uranium fission. In a fuel rod under 
irradiation, it is very likely that any surplus oxygen will be picked 
up by the cladding material. If this is the case, mixed oxide fuel can 
be reduced by the zircaloy to O/M ratios well below 2.00 (depending upon 
the plutoniurn concentration), resulting in cladding oxidation and em-
brittlernent. As a consequence it will be especially important to con-
sider the 0/M ratio when exarnining or simulating mixed oxide fuels. 
2. SIMULATION OF IRRADIATION AND BURNUP EFFEGTS 
In reactor investigations of irradiation effects would be facili-
tated by the ability to simultate the effects of reactor service. Success-
ful simulation approaches would aid in the isolation and study of se-
parate failure-influencing phenomena such as stress-corrosion cracking 
or cladding ernbrittlernent. Handling and instrumentation possibilities 
would also be favorably affected by use of simulated materials. 
Possibilities for inreactor simulations focus in the three primary 
areas of irradiation and burnup phenomena. These categories are: 
\ 
2.1 
2 .1. 1 
2.1.1.1 
2.1.1.2 
2.1. 2 
2.1. 3 
2.1. 4 
2.2 
2. 2. 1 
2.2.2 
2.3 
In addition 
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·Cladding Irradiation Darnage_ 
"Simulation" by use of previously cladding 
Previously fueled cladding 
Previously unfueled cladding "water tubes" 
Simulation by cold-wotking 
Simulation by addition strengthening agent 
Simulation by rapid quenching from a high temperature 
Fuel cladding Mechanical Interaction Causes and Effects 
Simulation of fuel pellet cracking 
Simulation of fuel cladding gap closure and bonding 
Fission Product Effects 
, several effects of varying importance are discussed in a 
fourth category, "Additional Phenomena": cladding ridging and cracking, 
rod growth and bowing, densification and restructuring, crudding and 
oxygen to metal ratio. 
Cladding irradiation darnage is believed to be of potential major signi-
ficance but its simulation is found to lack sufficient plausibility for a 
continued major development effort. 
Mechanical interactions between fuel and cladding can easily be achieved 
by inreactor thermally-induced pellet cracking and by use of small fuel-
cladding gaps. Fission gas effects are perhaps less adequately simulated, 
with prepressurization and introduction of corrosive gases arnong the 
possible approaches. 
2.1. Cladding Irradiation Darnage 
Cladding with a prior irradiation history my be utilized directly, 
but the plausibility of simulating irradiation darnage with unirradiated 
material should also be investigated. 
2.1.1 "Simulation" by Use of Previously Irradiated Cladding 
2.1.1.1 - Use of Previously Fueled and Irradiated Zircaloy Cladding. 
The use of cladding from previously irradiated fuel rods will provide 
the most literally correct "Simulation". Removal of fuel from irradiated 
rods will be difficult, however, due to a need for hot cell handling. 
The presence of cracked pellets arid possible fuel-cladding bonding also 
increases the difficulty of fuel removal and raises the possibility of 
creating scratches during fuel removal. 
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Previous cladding exposure to an environment involving both neutron 
irradiation and fuel burnup effects may give maxirnurn confidence in the 
typicality of the cladding response: both irradiation and burnup phenomena 
cause increased cladding brittleness and potential for failure. While 
ductility lasses may be primarily due to neutron darnage, the relative 
contribution to failure of the manycoupledeffects may depend upon in-
reactor history in complexways that are not completely predictable. 
Changes caused by fuel-cladding mechanical interactions, fission gas 
effects and corrosion will be most accurately reflected by use of pre-
irradiated fueled cladding. 
2.1.1.2- Use of Previously Unfueled but Irradiated Zircaloy Cladding 
The use of preirradiated unfueled "water tubes" may be satisfactory 
simulation approach, although this cladding lacks environmental service-
caused effects that may increase the propensity for cladding failure. 
Some fabrication advantages are present in comparison to use of cladding 
from fueled and irradiated rods, but the material must still be handled 
remotely. A slight difference in irradiation effects is expected since 
there will be lower effective temperatures due to the lack of fuel, pro-
ducing greater irradiation-induced defect retention and a higher equil-
ibrium saturation darnage level. 
2.1.2 Simulation by Cold Warking 
Cladding irradiation darnagemay be simulated by employing cold work 
and/or by hydride additions to unirradiated cladding. 
,One of the basic difference between cold-worked and irradiated materials 
lies in the defect structure responsible for mechanical property changes -
lengthy extended line defects (dislocations) and twin interfaces in the 
former case and point defect clusters in the latter. Transmission elec-
tron microscopy of Zircaloy-4 shows that the defects introduced by ir-
radiation at 290°C have a size range from about 7 Ä to 22 Ä, far dif-
o 
ferentfrom the 10.000 A length typical of diclocations on cold-worked 
materials. These differnces result in a disparity both in thermal re-
covery behaviour and in the degree of associated ductility loss. Cold 
working could not be expected to duplicate the effects of point defects 
and defect clusters. Increased strength due to irradiation anneals at 
lower isothermal temperatures than that due to cold work. The differences 
in ductility are perhaps more important, however, : cold worked cladding 
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expansion at failure often averages nearly twice that of irradiated 
tubing for identical temperature and internal pressure conditions. 
2.1.3 Simulation by Addition of a Strengthening Agent 
The addition of hydrogen to ziYealoy is an other possibility to 
simulate cladding irradiation damage. Zirconium alloys have a large 
affinity for hydrogen and are strengthened by its addition. While the 
strengthening effects are negligible up to about 300 ppm signifieant 
increases are found with larger eoncentrations. The phenomenon does de-
pend upon hydride platelet orientation in relation to the applied stress 
and upon the distribution of hydrogen, but drastic room temperature•em-
brittlement ean be caused by well dispersed eoneentratiomin exeess of 
400 ppm. In addition, the activation energy for diffusion of hydrogen 
in zircaloy is small - about lo.6 kcal/mole - so that relatively low 
temperatures can be applied on fabrication, and hydridging ean be ae-
complished in a LiOH solution, by eleetrolysis, and by gaseous diffusion. 
The primary disadvantage in irradiation darnage simulation by hydriding is the 
increase in duetility found at higher temperatures. At temperatures above 
about 150°C, surface hydride layers appear to have little effects on rupture 
ductility, although large reductions are found at lower temperatures. 
The hurst strength of hydrided tube decreases by about 50% from 20°C to 
400°C but at that higher temperature is still affected by hydrogen eontent, and 
of course can be made comparable to the failure strength of cold worked speeimens. 
In fact, the failure stress has been found to be unaffected by an outside hy-
dride layer between 20°C and 300°C, Burst temperature, again,may be well 
simulated by hydriding,but expansion at failure will tend to be greater than 
found with irradiated tubes. Due to the importance of cireumferential expansion 
with respect to potential flow blockage,development of a darnage simulation 
technique superior in this regard would be desirable. 
2.1 .4 Simulation By Queuehing 
Very rapid cooling of metals from elevated temperatures typieally re-
sults in mechanieal strengthening and duetility loss. Queuehing strains 
and impurity (solute) effects are thought to be partly responsible. During 
a quench, thermal gradients exist in the specimen. The cooler surface 
region eontracts more than the inner region and is 1n tension while 
the center is in compression. When the temperature 1s again uniform, 
residual stresses may remain to affeet meehanical properties. A rapid 
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quench of zircaloy through the beta to alpha transformation may also 
contribute t9 mechanical property changes. 
Same strengthening and ductility loss may be expected upon quenching 
from the high alpha phase. Quenching zirconium from 700°C has produced 
an apparent defect concentration of 10-4 . This effect was thought to 
be partly due to quenching strains and partly to redissolution of im-
purities. 
0 If quenching is performed from temperatures much greater than 800 C, a 
principal question it the effect of the ß to a transformation (from about 
970 to 830°C), Rapid cooling through the transition can result in a 
martensitic structure in Zircaloy~4. Microhardness increases have been 
observed in Zircaloy-4, possibly due to the size of martensite needles 
(which are finer the faster the quenching rate), so ß stabilizing agent 
are not necessarily involved in the effect. 
2.2. Fuel-Cladding Mechanical Interaction- Causes and Effects 
2.2. 1 Fuel Pellet Cracking 
Fuel pellet cracking can be easily achieved. As discussed in Sec-
tion I, uo2 pellets crack when the center to edge temperature difference 
exceeds approximately I00°C, a magnitude reached at very low heat ratings. 
2.2.2 Fuel-Cladding Gap Closure 
As discussed in Section I, gap closure results from a combination 
of cladding creepdown, pellet cracking, internal oxidation, and fuel 
swelling. Cladding creepdown can best be simulated by sizing the pellets 
to reduce the diametral gap. This is preferable to using a high pressure 
and temperature autoclave to cause creepdown since the cladding metal-
lurgical state will nö.t:;be affected by this method. 
In service, internal fuel porosity accomodates most of the fission pro-
ducts produced during early burnup; after the internal porosity is filled, 
a volume increase of the fuel pellets occurs. A small gap will then pro-
vide an adequate simulation of fuel swelling, with use of the relatively 
high density pellets adding validity. Internal oxidation can be simulated 
by prior heating of the cladding at low temperatures in air or steam. 
At high temperatures (for example I100°C) oxidation in air is found .to 
be more severe than in steam. 
-15-
Gap closure my also be caused by an exreactor technique in which hollow 
uo2 pellets are threaded onto a metal tube that is internally press-
urized to creep, producing radial cracks in the pellets, causing the 
cracks to expand, and locally streching the cladding. A similar tech-
nique is, utilizing a ceramic pellet and a compressible mandrel. An 
apparatus to similatethe behaviour of fuel elements during power in-
creases consists of an aluminium cylinder and a ceramic annulus contained 
in zb:caloy cladding. The aluminium cylinder is axially compressed with 
a plugger which expands and cracks the brittle ceramic annulus. With 
further compression if the aluminum core, the cracked ceramic presses 
radially against the cladding, deforming and eventually fracturing it. 
Increased local strains due to fuel-cladding bonding could be partially 
simulated by roughening the inner cladding surface. This might have the 
undesirable effect of weakening the cladding, however, and a more repro-
ducible simulation may be possible. Simply oxidizing the internal cladding 
surface will not produce bonding during short test durations, but inasmuch 
as graphite has been employed to reduc~ Fuel-cladding friction a substance 
could be added to the inner surface to increase friction. 
The criteria for choice of such a material are: (1) chemical compatibility 
with the fuel and cladding, (2) survival to high temperature, (3) manageable 
and ~nown pressure addition in vaporization, and (4) ease of application. 
However, the introduction of additional chemical species into a fuel 
rod can cause undesirable effects, especially at high temperatures. 
Graphite provides an example, carbon having a strong affinity for zir-
conium at high temperatures. 
Fuel-cladding bonding can also be simulated by out-of-pile heating (of 
zircaloy in contact with the uo2 fuel), although the temperatures re-
quired for sifnificant reaction rates would cause at least some re-
crystallization of the cladding material. An isostatic bonding approach 
could also be employed at elevated temperatures. 
2.3. Fission Product Effects 
2.3. 1 Simulation of Gas Release 
Gaseous fission products produce fuel swelling, degrade the fill gas 
thermal conductivity, and affect cladding stresses upon release. A 
simulation of steady-state conditions at moderate or high burnup can be 
performed byprepressurization with gases of the appropriate composition 
(or at minimum, with gases of the correct thermal conductivity). 
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2.3.2 Simulation of Corrosion Effects 
Stresses due to fuel-cladding mechanical interactions in a cor-
rosive atmosphere of fission products may lead to stress-corrosion crack-
i.ng (SCQ ) of the cladding. Reproduction of the potential causes of SCC 
will involve the introduction of iodine and cesium into a simulated 
fuel rod with either uniform stress due to prepressurization, or more 
localized interactions due to stress concentrators. For an exreactor 
experiment, stress may also be caused by using a tightly fitting mandrel; 
a differ~tial mandrel-cladding thermal expansion upon heating in iodine 
vapor causes a potential for sec. 
Another approach involves fabrication of pellets with simulated fission 
products (ie~ I 2 , Cs, Br 2 , Te) combined with hyperstoichiometric fuel. 
These can be used with either stressconcentrator~ or uniform stress 
techniques. It should be noted that the kind and distribution of the 
fission products under irradiation are very complex. The distribution 
of fission products depend upon temperature profiles, oxygen potential 
. h 1 1 . . 1 137 • 1n t e fue pe lets, and precursor half l1fe. For examp e, Cs rema1ns 
within a mixed oxide fuel matrix having an oxygen/metal ratio greater 
than 1.95 (dependingon the Pu content) and is deposited in the cooler 
regions of the fuel pellets. (In uo2 fuels the 0/M ratio is normally 2.00 134 133 133 
or larger). On the other hand, Cs has precursors ( I and Xe) with 
langer lives so that it is formed only after greater diffusion times and 
occurs preferentially in _the gas plenum end of the fuel blanket. The species 
106 . 1 1 . Rh 1s concentrated near the center of the fue co umn. S1nce temperature 
and pellet composition da control some aspects of the fission product dis-
tribution it may be possible to employ a direct electrical heating apparatus 
to redistribute species introduced during pellet fabrication. 
2.4. Additional Phenomena 
Several additional phenomena fall in categorksthat should either 
not be simulated at all or that will be either: (I) simulated by default 
or (2) tested in exreactor studies. These effects, only some of which 
are observed and which have varying degrees of importance, are: (!) 
cladding ridging and ratcheting, (2) incipient cladding cracking, (3) 
rod growth and bowing, (4) fuel densification and restructuring, and 
(5) crudding of cladding, and (6) oxygen to metal ratio in the fuel. 
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2.4. I Cladding Ridging 
The simulation of cladding ridges is not easily accomplished. The 
cladding ridge shape can probably be achieved by using an internal, 
expandingmadrel, but the ridge must also coincide with the pellet end 
faces when fuel-cladding hard ineraction occurs at high powers. 
2.4.2 Incipient Cladding Cracking 
Vendor information indicates that cladding cracking (due to a 
Stressearrosion environment) is not an often observed irriadiation effect 
in PWR fucl; partially penetrating cracks occasionally exist, but are 
very rare. 
2.4.3 Rod Growth and Bowing 
A potential ex- or in-reactor simulation techniques involves 
restraining the ends during a test. 
2.4.4 Fuel Densification and Restructurin& 
Simulation of fuel-cladding gap closure has been discussed in 
Section 2.2.2 above. The effects of fuel densification on fuel cladding 
mechanical interactions can be simulated by the use of higher density 
test fuel. 
2.4.5 Oxygen to Metal Ratio 
As pointed out in Section 1.4.3 the oxygen to metal ratio)of 
the fuel has some significance in the simulation of irradiated mixed 
oxide fuel rods. Simulation of the surplus amount of oxygen due to 
burnup could be carried out by pre-oxidation of the cladding or by 
utilization of a fuel with O/M ratio above 2.00 or by introduction 
of oxide compounds of fission products such as Mo02 or Cs 2uo4 . The 
mode of simulating excess oxyg~n effects depends upon the reactions 
that take place in a water reactor fuel rod under normal operating 
conditions. The zircaloy-oxygen reaction is dependent Qn the oxygen 
potential in the fuel, and the mechanical properties of the cladding 
will vary according to its oxygen content or its state of oxidation. 
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Table 1: SUMMARY OF IRRADIATION EFFECTS IN LWR FUEL RODS 
Irradiation Effeets Relative 
Cladding irrad.damage Saturates 
time of Oeeurrence during 
Irradiation 
21 2 
at ~ 1 x 10 n/cm 
Incipient cladding eracks Middle to end-of-life 
(nonpenetrating) 
Cladding ridging At high power 
Cladding axial growth 
Cladding creepdown 
Cladding internal 
oxidation 
Cladding external 
oxidation 
Cladding hydrogen pick-
up from coolant 
Cladding crud aceumr 
ulation 
Fuel-cladding bonding 
between Zro2 and fuel 
Fuel swelling 
Fuel cracking 
Fuel restructuring 
Continious 
Beginning to middle-of-life 
Continuous 
Continuous 
Continuous 
Continuous 
Middle to end-of-life 
Mid~le to end-of-life 
Beginning-of-life 
At high temp., inereasing 
with temp. 
Transients during whieh 
Effeets are Important(l) 
All 
All 
Overpower 
Overpower 
All 
All 
None 
None (?) 
None 
All 
All 
All 
All 
Comment 
Reduees cladding strain to 
failure margin 
Medium to low importanee beeause 
of low rrequently of oeeurrence 
Stress eoncentrations oeeur at 
ridges 
Important only if bowing re-
sults 
Results in more interaetion but 
improved gap conductanee 
Influenees fuel-eladding bonding 
Causes a small temperature in-
crease 
Pickup is generally low but the 
of transient effeets is untested 
Modern water chemistry eontrol 
preeludes massive erud accumu-
lation 
May inerease meehanieal inter-
action or restriet the redis-
tribution of internal gases 
Causes inereades eladding stress 
and improved gap eonductanee. May 
restriet gas flow. 
Causes stress eoneentration in the 
eladding and degraded thermal 
eonductivity. May improve gap 
eonduetance but restriet gas flow 
Inereases fuel density and im-
proves thermal eonductivity 
OJ 
I 
Fuel densification 
Fuel stoichiometric 
ratio 
Melting point change 
Steady-state fission gas 
release 
Transient fission gas 
release 
Fission product attack 
of cladding (stress 
corrosion) 
Early in life 
Indeterminate 
Continuous 
Continuous 
Early to end-of life 
Indeterminate but probably 
middle to late-life 
All 
None 
None 
All 
All 
Overp,ower 
Postpone the swelling effect 
but may cause greater stresses in 
fuel cladding interactions 
Affects uo2 thermal conductivity, 
but not observed to be significant 
Melting 'point is reduced slightly 
with neutron damage and burnup 
Affects cladding Stresses and 
reduces gap conductance. 
Affects cladding stresses and de-
creases gap conductance 
Never actually proven to occur 
in a reactor, but well demonstrate 
in out-pile tests. May not be 
significant during fast transients. 
(l)Transient are divided into two categories: (1) overpower where insuffient cooling exists, and (2) loos-of-coolant 
where inadequate cooling occurs followed by a power reduction limited by decay heating. 
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8) THE BEHAVIOR OF FISSION PRODUCTS INSIDE LWR AND HWR FUEL RODS 
I. INTERNAL FUEL ROD CHEMISTRY FROM EQUILIBRIUM THERMODYNAMICS 
The interaction between fission products and cladding depends on their 
chemistry as follows. Fission products must be transported from the fuel 
to the cladding to interact. The rate and mechanism of transport will 
depend on the temperature, temperature gradient, and oxygen potential 
gradient. The oxygen potential effectively sets the chemical states of 
the fission products. Then the reactivity of the fission products with 
the cladding will depend on their chemical states. 
The chemistry of the system involving the fuel fission products and 
cladding of light-water-reactor (LWR) and heavy-water-reactor (HWR) fuel 
rods is treated below on the basis of available thermodynamic informa-
tion. The treatment is similar to those for fast-breeder-reactor (FBR) 
fuel Rods. The present treatment will concentrate attention on interac-
tions with cladding and, therefore, consider primarily the fission 
products that migrate to the cladding. Fission products that do not 
migrate will interact through their effect on the oxygen potential of 
the fuel. 
2. Preliminary Assessment of the Chemical States of Fission Products 
The distribution anticipated for the fission products in a fuel rod 
depends on chemical states of the fission products. Assessmentof the 
chemical states can be made from a comparison of the free energies of 
formation of the oxides of the fission products relative to the oxygen 
potential of the fuel during irradiation. Such an assessment provides 
a useful criterion because it, in effect, indicates how the available 
oxygen will be partitioned among the metallic elements present. A more 
sophisticated approach, which considers more complex compounds such as 
ternary oxide compounds, can only be applied adequately for a few of 
the fission products, since no thermodynamic data are available. 
The standard free energies of formation of fission-product oxides, 
according to available thermodynamic data, are shown in Figure I. The 
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values represent the free-energy change associated with the reaction 
between the pure metal with oxygen at one atmosphere to form the pure 
oxide, That situation is very different from conditions of interest, 
namely, fission products formed in a uo2 matrix. In that case, oxides 
can dissolve in uo 2 or form compounds with it. The metals can alloy 
with one another, and local conditions can vary because of impurities 
in the uo2 . Therefore, the information provided in Figure 1 can only 
give a rough approximation to fission-product behavior. 
In the LWR and HWR fuel rods the oxygen potential is roughly -460 to 
-540 kJ/mol 02 (110- 130 kcal/mol o2) over the whole range of operat-
ing temperatures. The majority of the fission products should thus 
fall into two categories: Those with free energies of formation more 
positive than the fuel and are expected to be in the form of elements, 
and those with free energies of formation more negative than the fuel 
and expected to be combined as oxides. In the thermodynamic calcula-
tions it will generally assumed that the oxygen 'potential of fuel lies 
in the range of -460 to -540 kJ/mol. 
A second important criterion is the volatility of the fission product. 
Presumably volatile forms can be transported to the cladding and be 
available for reaction with the cladding while the involatile ones will 
remain in the body of the fuel. The volatilities of ternary oxides, 
such as Cs 2Moo4 , also need to be considered. 
Those two criteria lead to the preliminary classification of the fis-
sion products shown in Table 1. 
A more careful assessment of the chemical states of the fission prod-
ucts is made below. The way that oxygen, released by fission from the 
uo2' combines with the fission products formed is evaluated in a 
detailed balance of the amount of oxygen available and the possible 
chemical combinations with fission products based on relative sta-
bilities. To make that detailed balance, it is necessary to make the 
preliminary considerations given in the sections below. 
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Table I: Preliminary classification of fission products 
(Percent fission yields in parantheses) 
A. Noble Gases 
Xe, Kr (24) 
B. Volatile Elements 
Cs, Rb 
I, Br 
Te, Se 
Cd, Sb 
Ag, Sn 
Pd, 
(21) 
(1.3) 
(3) 
(0. 2) 
(0. 3) 
(1. 4) Moderately volatile 
c. Relatively Involatile Elements 
Ru, (9) 
Rh, Tc (11) 
Mo, Nb (25) 
D. Relatively Involatile Oxides 
Rare Earths (55) 
Ba, Sr (13) 
Mo, Nb (25), Cs2 Mo0 4 is moderately volatile 
u, Pu 
2.1 Background Information for Detailed Assessment 
2.2 Fission-Product Inventory 
The exact amount of each fission product present in a fuel at any time 
is, beside the fissile atoms (U-235, Pu-239), a function of the power 
history; however, a reasonable approximation can be obtained from the 
cumulative yields of the long-lived and stable isotopes. Table 2 gives 
the yields by element. 
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Table 2: Stahle (or long lived) fission product yields 
for thermal fission of U-235 
'10 Yie1d a "' Yie1d a 
Se 0,4 Sn 0.1 
Br 0.3 Sb 0.1 
Kr 3.8 Te 2.5 
Rb 1.3 I 1.0 
Sr 6,2 Xe 20 
y 4.8 Cs 20 
Zr :36.9 Ba 6,7 
Nb La 6,6 
i\lo 25 Ce 12,3 
Tc 6.1 Pr 5.9 
Ru 9.3 Nd 20,5 
Rh 4,9 Pm 2.3 
Pd 1.4 Sm 1.9 
Ag 0,2 Eu 0,2 
Cd 0.1 Pu 23. 
a Nurober of atoms per 100 fissions. 
The percent of each stable fission product element in the fuel for 
long irradiations can be calculated from the product of the burnup 
and fission yield. Thus, at 1% burnup (1% of uranium atoms fissioned, 
or 820 GJ/kgU, i.e., 9500 MWd/MTU) the Zr content of the fuel should 
be 0.37 x 1% = 0.37 atom% of the uranium. 
2-3 Oxidation of Zircaloy 
During reactor irradiation, oxygen is slowly transferred from the 
fuel to the inner surface of the cladding. From thermodynamic con-
siderations zirconium should react with the oxygen of the uo2; how-
ever, the rate apparently limited by processes such as release of 
oxygen from the uo2, transport across the fuel-clad gap, and diffusion 
in the zirconia scale. It appears that the arrival of oxygen at the 
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Zircaloy surface is not rate limiting because the rate of oxidation 
of the cladding seems to be the same as in the plentiful supply of 
oxygen (at normal reactor operating temperatures of the cladding). 
Little is known about the rate of oxidation of cladding under the con-
ditions that exist inside fuel rods. The few available PIE measure-
ments of oxide thickness indicate that its rate of formation in the 
absence of fuel-clad bonding is about the same as that on Zircaloy 
exposed to oxygen gas. When deposits of fission products give rise to 
bonding between the fuel and the cladding, the zirconium oxide layer 
is distinctly thicker. 
Initially the inner oxidation of Zircaloy by the fuel follows a parabolic 
law until the oxide layer reaches a certain thickness (about 2 ~m) and 
then the reaction becomes linear in time. The effect of radiation on 
the oxidation influences the oxidation. The higher the temperature the 
smaller the effect; at 675 K the radiation effect is negligible. 
Quantitative literature information about the thickness of oxides on 
the inner surfaces of irradiated fuel rod cladding is scarce. Over the 
majority of the surface where fuel had not bonded, the oxide thickness 
at the end of a burnup of about 20000 MWd/MTU ranged from I to 5 ~m. 
At the end of a burnup of about 34000 MWd/MTU it ranged from 5 to 9 ~m 
with an average of 8 ~m. In areas where the fuel has bonded to the 
cladding the Zro2 layer there was thicker (apparently in the range of 
6 to 10 ~m). 
2.4 Oxygen Potential of UOZ+x 
The oxygen potential of a system is given by the expression: 
~(0) 2 = RT~np(02 atm) 
For a two-component system containing two solid phases, the oxygen 
potential depends only on the temperature. For example, the pressure 
of oxygen in equilibrium with uranium metal and the equilibrium oxide 
in equilibrium with uranium metal (approximately uo2), as represented 
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by the equation, 
o2 + U(metal) = uo2±x (solid) 
depends only on temperature. The oxygen potential is equal to the 
standard free energy of formation of the oxide as given in Figure 1. 
The composition of the oxide, uo2+ , in equilibrium with U metal de-
-x 
pends on temperature but is close to uo2 . 
. oo 
Uranium dioxide not in equilibrium with metal can dissolve excess 
oxygen, in which case its oxygen potential is a function of its com-
position as well as temperature. Values calculated for various 0/U 
ratios are shown in Figure 2. 
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The initial 0/U of LWR fuel is in the range of 2.00I to 2.003. The 
oxygen potential of that material can be approximated by a line 
slightly above the 2.00I line of Figure 2. As burnup proceeds, the 
oxygen potential becomes somewhat more negative. During the first 
Stages of burnup, oxygen in exceSS of stoichiometry (i,e., X in U02X) 
tends to redistribute radially because of the temperature gradients 
in the fuel. 
3. Detailed Oxygen Balance Calculation 
To understand the chemical states of the fission products, it is 
necessary to assess the way that oxygen recombines inside a fuel rod 
because of fission. The calculation is based on the following con-
siderations. Each fission event annihilates a uranium atom, re-
leasing two oxygen atoms that oxidize the reactive fission products 
formed (and to some extend the cladding and the fuel). The released 
oxygen is assigned to the fission products in order of their reac-
tivity. The oxygen potential of the system is then estimated from 
the reactivity of the remaining fission products. Camparisan with 
the few available measurements can be made to evaluate the validity 
of the calculation. The calculation is only approximate mainly because 
it is based on free energies of formation of pure oxides as separate 
phases rather than solutions of the oxides in uo2 matrix. 
The calculation is summarized in Table 3. In the detailed calcula-
tion, it is convenient to consider the situation at I% burnup (I% of 
U atoms fissioned, which occurs at 820 GJ/kgU or 9500 MWd/MTU). The 
results can be scaled to other burnups. The amount of I% burnup is 
about 0.001 0/U units, * and is shown as item I in Table 3. The rate 
of oxygen pickup by the cladding is nonlinear with burnup, but be-
cause it is only a small part of the inventory it does not affect 
the calculation very strongly. 
The next oxygen assignment is to the fission products that form the 
very stable oxides. The amount of oxygen is the product of the 
amount of the fission product (fission yield x burnup fraction) 
* In this discussion, including Table 3, the amounts of oxygen 
are presented in 0/U units, defined as a number of atoms of 
oxygen involved per atom of uranium. 
-31-
Table 3: Oxygen Inventory calculation 
Amorm t of Oxygen 
Used at 1% Burnup 
Oxygen Sink in 0/U rmits 
1. Cladding oxidation 0.001 
2. Fission products completely oxidized: 
Fission Oxygen 
** Oxides Yield per metal 
* RE 2o3 , Yz03 0.55 1.5 0.0083 
BaO, SrO 0.13 1.0 0.0013 
Zr02 0,37 2.0 0.0074 
NbOz 0.006 2.0 0.0001 
Total combined := 0.018 
3. Fission products partial1y oxidized 
Cs + Rb; 0.21 
-0,013 (amormt combined as iodide and bromide) 
-0,058 (amount combined as Cs 2 Te and Cs 2 Se) 
0.14 
Cs2 0 0.5 0.0007 
Cs 2 uo 4 1.0 0,0014 
Cs2 U2 0 7 1.5 0.0021 
CszU4012 2.0 0"0028 
1\Io 0.25 2 0.005 
4. Fission products not oxidized 
S:n' Sb, Cd 0.003 
Tc 0.061 
Ru 0.093 
Hh 0,049 
Pd, Ag 0.016 
Xe, J{r 0.?..38 
* RE represents the rare earth elements. 
*·*This column gives the number of oxygen atoms reacted per fission product 
metal atom to give the oxide in the first column. Note that in ternary 
oxides containing U, each U initially has 2 oxygen atoms. 
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times the atomic ratio of oxygen to metal in the oxide formed. The 
calculation is shown in Table 3, Item 2. There is some indication in 
the literature that the rare-earth oxides dissolved in uo2 act like 
+4 ions; however, that occurs only at relatively high oxygen potentials. 
It is justified in assuming a +3 state because the oxygen potential of 
irradiated fuel 1s quite negative. Ba and Sr might also behave simi-
larly except that the oxygen potential of the fuel is too low for 
that to occur. If the Ba and Sr form separate zirconate phases, as 
sometimes observed, their valence states will be as assumed in Table 3. 
After the most stable oxides are accounted for, the total oxygen 
combined (items I and 2 of Table 3) amounts to 0.018 0/U units. 
Because 0.020 0/U units are released by fission, there are 0.002 left 
for further distribution. ** The next most oxygen-reactive fission 
products are either Cs (and Rb) or Mo. Figure 3 presents the oxygen 
potentials for which Mo02 and Cs 2uo4 are formed. Also the formation 
of Cs-Molybdates has to be considered. 
Cesium should form Csl and CsBr in preference to Cs 2uo4 or Cs 2Moo4 at 
low oxygen potentials. The net fission yield of Cs (and Rb) after 
allowance for I and Te is about 0. 14, as indicated in Item 3 of 
Table 3, since Cs 2Te and Cs 2Se probably form in preference to cs 2uo4 
and Cs 2Moo4 . It is not certain how much oxygen will be combined per 
atom of Cs (and Rb).The nurober can range from 0.5 to 2 for the com-
pounds indicated in Table 3. Figure 2 indicates that Cs 2uo4 should 
form at lower oxygen potentials than Cs 2o. Therefore most of the 
oxygen should go to form Cs-U-0 compounds except near the hot fuel 
center where Mo02 may form (Cs 2Moo4 is even thermodynamically more 
stable than cs 4uo4). Therefore the inventory calculation indicates 
that the last oxygen combines to form either cesium uranates or 
Mo02 and they buffer the oxygen potential of the fuel. 
** In this assessment it is not considered the initial amount of 
oxygen excess of stoichiometric in the fuel (i.e., x in uo2 ). That quantity (~.002) should be added to the amount of +x 
oxygen available to react with fission products and become 
significant for smaller burnups. 
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The remaining fission products will be in an unoxidized state. They 
are listed ~n Item 4 of Table 3 roughly in order of decreasing 
reactivity with oxygen. 
4. Shift of Fuel 0/M-Ratio during Burnup 
The oxygen potential of uo2 is determined by the oxygen gettering of 
the Zry-cladding material. In power reactors the cladding temperature 
is sufficiently high so that part of the oxygen released during 
nuclear fission of uo2 gets bound by the cladding material. However, 
if the fuel/fission product system is considered separate from the 
cladding, the 0/U ratio of uo2 will always increase during irradia-
tion because the fission products cannot bind the entire oxygen 
released by nuclear fission. Therefore, an average stoichiometric 
shift can be determined which, besides on the fissile isotope and the 
neutrau energy, depends on the state of oxidation of the fission prod-
ucts. However, the estimate of the stoichiometric shift is complicated 
by the inadequate knowledge of the oxidation state of some fission 
products and by the plutonium fission increasing with burnup. Figure 3 re-
presents the change of the 0/U ratio as a function of the burnup for 
different oxidation states of the fission products Cs, Mo and the 
lanthanides. The most probable case is that Cs and Mo largely occur in 
a nonoxidized state in uo2; the formation of Cs 2Moo4 and/or Cs 2uo4 or 
other oxygen containing complex compounds was not considered in the 
calculations. 
Depending on the valency of the rare earth metals (lanthanides) the 
stoichiometric shift of M0 2 (M = U,Pu) as a function of the burnup for 
U-235 and Pu-239 fission is presented in Figure 4. The rare earth metals 
were assumed to be trivalent or tetravalent. In this way, a scatter 
band is obtained in which the 0/M-increase of the oxide fuel takes 
place. A higher amount of oxygen release can be expected from Pu-239 
fission because less oxygen binding fission products are formed. How-
ever, the oxygen in excess estimated in this way is completely gettered 
at sufficiently high cladding material temperatures as encountered in 
pü\ver reactors so that the 0/M-ratio of the fuel takes the value 2.000. 
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Therefore, using these estimates, the maximum oxygen uptake of the 
Zry-cladding can be determined and, consequently, the maximum thick-
ness of the oxide layers to be expected on the cladding inner surface 
can be estimated which is significant for the performance of simula-
tion experiments (1 ~m zro2 ; -ßO/M ~0.001; ID of the cladding: 
9.3 rrnn). 
5. Volatilities of the fission products 
The fission product compounds, as indicated in Table 1, are classified 
according to their valatilities in more detail in Table 4. Substauces 
in Classes I and II are sufficiently volatile to be vapor transported 
from the fuel during normal operation (fuel temperatures ~1500 K at 
the center to ~1000 Kat the outer surface). Those in Class III might 
be expected to be transported if the fuel operated at temperatures 
higher than normal. Substauces in Class IV would not be expected to 
be vapor transported during reactor operation. 
The release of even the very volatile noble gases (Xe, Kr) does not 
occur during normal rod operation or is rather small even to rela-
tively large burnupS.That is, the kinetics of release of fission 
products must be a Controlling factor. We will assume that the release 
of volatile fission products is comparable to that of the fission gases 
and the fraction released will be the same for all the compounds in 
Classes I and II. 
6. Conclusions 
The oxygen balance calculations indicate that the oxygen potential of 
the fuel is in the neighborhood of -500 kJ/mol. Fission product cesium 
is combined in ternary compounds with uranium and oxygen; molybdenum 
oxide probably buffers the oxygen potential. 
The fission products that might be expected to reach the cladding 
by vaporization are: Cs (Rb) in compounds; I (Br), Te (Se) in compounds 
with Cs; elemental Cd, Sb, Ag, Sn, and Pd; Ba, as BaO; and possibly 
Moo 2 . 
I 
II 
III 
IV 
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Table 4: Chemical States and Volatilities of Fission 
Products 
Vapor Pressure 
Compound C1assification 1000K 
Very vo1atile (permanent gases) 
Xe, Kr 
Moderate1y vo1atile 
Csl, Rbl, CsBr, RbBr 10-3 
Cs 2 Te, es se(2) 2 10-3 
Cd 0.5 
Sb 10- 3 
Ag 10- 8 
(Cs pressure over Cs2 U04)(3 ) 10-3 
Moderate1y nonvo1atile 
Sn ...... 1o-10 
Pd .-lo-lo 
BaO ....... lo-10 
Mq02 <lo-1o 
Nonvolatile (pressure < 10-4 atm at 2000 K) 
Ru, Rh, Tc, Mo 
Rare-earth oxides 
SrO 
Zr02 , Nb02 
(Atm) 
2000 K 
1 
1 
>>1 
1 
0.1 
>>1 
10-3,3 
10- 3 
10-3,5 
10-4 
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Fission products and impurities observed at the fuel-cladding inter-
face of irradiated LWR rods (indicated as elements without implying 
the chemical compound) are: Cs, Te, I, Pd, Ba, Fe, Cl, Si, Al, Ag, 
Na, and Ca. 
As regards the chemical interactions with the Zry-cladding material, 
the fission products iodirre and tellurium as well as cadmium, in 
addition to oxygen, have found to be aggressive with respect to Zry 
from thermodynamic estimates and laboratory scale experiments. It 
should be further noted that even the uo2/Zry initial system, which 
is free from fission products, is not stable thermodynamically. 
However, since the normal cladding material temperatures are suffi-
ciently low, the chemical interactions with the cladding material can 
be tolerated. Nevertheless, the question arises to which extent the 
mechanical properties of Zry are influenced accordingly. The impact 
of iodirre on Zry has appeared as a special problern since iodirre can 
cause stress corrosion cracking. 
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c. FUEL SWELLING AND FISSION GAS RELEASE FROM uo2 
I. Introduction 
The fuel swelling and the pressure developed by the released fission gas 
in a fuel element are the most important clad-straining mechanisms under 
steady-state and transient conditions. Therefore, the knowledge of these 
phenomena and their dependence on temperature, burnup, and external re-
straint is important for fuel element design. Beyond this the quantita-
tive knowledge of the fission gas retention is necessary for the develop-
ment of models of fuel behaviour under transient conditions because the 
state and the location of fission gas affects the way in which the fuel 
reacts to an overpower transient. 
The fission gas release from the uo2 and the fuel swelling were therefore 
determined in in-pile experiments for steady-state and transient (large 
break LOCA) conditions. In addition, out-of-pile annealing experiments 
were performed with irradiated uo2 in hot cells to investigate the fission 
gas and fuel behaviour under "Severe Fuel Damage" (small break LOCA) con-
ditions. 
Fission gas determinations were carried out after irradiation and after 
LOCA-testing. The amount of fission gas was measured in the three steps 
as 
(1) released fission gas, 
(2) fission gas retained in pores and bubbles and 
(3) fission gas retained in the matrix. 
The released fission gas was removed from the capsules or fuel rods by 
puncturing the cladding. The quantities of xenon and krypton were evaluated 
by gas chromatography. Because of the cladding defects in the LOCA-tested 
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fuel pins it was not possible to rneasure exactly the fission gas release 
during the LOCA. The release values could only be deduced frorn the rneasure-
rnents of the retained fission gas. To evaluate the retained fission gas 
the fuel was ground in a ball rnill to particle sizes srnaller than I ~rn. 
The fission gas released during grinding is called "gas in pores". It 
orginates frorn pores and bubbles and frorn grain boundaries. After grinding 
the powdered fuel was dissolved in nitric acid. The fission gas released in 
this step was in fission·-induced solution and in very srnall intragranular 
bubbles. This gas is called "gas in the rnatrix". 
2. Steady-state conditions 
Fig. I shows the volurne increase as a function of burnupEor different tern-
peratures. The unrestrained swelling is presented by the full lines. There 
is a very strong dependence on ternperature. The unrestrained swelling rate 
varies frorn 1.2 % per I % burnup at 1250 K to approxirnately 20% per I % 
burnup at 2000 K at the beginning of the irradiation. At all ternperatures 
the burnup dependence is characterized by a linear increase of swelling with 
burnup at low and medium burnups, respectively. With increasing burnup, 
however, the swelling rate dirninishes and that the sooner the higher the 
ternperature. At 1250 K the swelling rate is virtually independent of burnup 
up to 8 % burnup. 
Taking into account a swelling rate of about 0.65 vol. % per I % burnup in-
duced by solid fission products the fission gas swelling seerns to be saturated 
at about 5 vol. % for ternperatures up to 1250 K. At 2000 K the swelling rate 
decreases already at burnups below l %. At burnups above 4 % it is reduced 
to a value below 0.5 % per I % burnup. 
The rnean unrestrained swelling rates of uo2 in various burnups ranges are 
plotted in Fig. 2 as a function of ternperature. These values are only valid, 
if there is no gross bubble rnigration in the fuel because bubble rnigration 
reduces the swelling. Fig. 2 shows a very strong ternperature dependence of 
the swelling at low burnups. However, with increasing burnup the ternperature 
dependence dirninishes due to the saturation of fission gas swelling at high 
ternperatures. 
-43-
The restrained volume increase is represented by the shaded area in Fig. 1. 
In comparison with the unrestrained swelling there is a marked decrease 
of the restrained swelling. The temperature dependence decreases, too. 
At burnups above 4 % the mean swelling rate is between 0.4 and 0.6 % per 
1 % burnup at temperatures between 1500 and 1900 K /5/. 
The strong dependence of the swelling on temperature and burnup is primarily 
caused by the behaviour of the fission gas. This behaviour is determined by 
the irradiation-induced solution of the gas atoms in the matrix and by the 
growth of bubbles. Dependent on the temperature one of these processes pre-
dominates. At low temperature it is the irradiation-induced solution and 
at high temperature it is the growth of the bubbles. 
The fission gas behaviour can be explained qualitatively by means of Fig. 3 
showing the concentration of the retained fission gas and of its fraction ~n 
U02 at a temperature of 1500 K as a function of burnup. At the beginning of 
the irradiation most of the fission gas remains in the grains in irradiation-
induced solution. By and by some of the gas precipitates in bubbles in the 
matrix. The size of these bubbles is determined by the equilibrium between 
resolution rate and growth rate. It is in the order of 2 nm as pointed out 
by Cornell /6/ and Speight /7/. The concentration of this gas is represented 
by the curve A in Fig. 3, With increasing burnup a new population of bubbles 
builds up at favoured sites in the fuel, e.g. at dislocations and at subgrain 
boundaries. The size of these bubbles ranges from 10 to 40 nm as shown by 
Ronchi and Hatzke /8/. 1.\Tith increasing gas content in the grains the gas 
transport to the grain boundaries increases, too. The concentration of the 
gas in grain boundaries and of the gas in intragranular bubbles with dia-
meteres greater then 10 nm is shown by the curve B in Fig. 3. Curve C repre-
sents the sum of the fission gas in the matrix and of the gas in bubbles and 
grain boundaries. 
The concentration of the fission gas in bubbles and grain boundaries at burn~ 
ups above 3 % is shown in Fig. 4, where it is plotted versus the fuel tem-
perature. The concentration of the fission gas in the matrix and its tem-
perature dependence are shown in Fig. 5. The sum of the fission gas in pores 
and of that in the matrix is the retained fission gas. At low temperatures 
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there is a high fission gas retention. Based on the concentration of the 
retained fission gas and on the actual values of the released gas the 
fission gas release is plotted in Fig. 6 as a function of burnup for 
different temperatures. 
Fig. 7 shows the release of Cs-137 as a function of burnup. Compared with 
the fission gas release the Cs-137 release is delayed. It is much lower 
at low burnups, but it increases markedly at higher burnups resulting in 
high temperature release values similar to those of the fission gas. Cs 
makes a large contribution to the swelling by solid fission products. 
Therefore, the quantitative knowledge of the release behaviour of Cs is 
necessary for the evaluation of the burnup dependent local swelling rate 
due to solid fission products. 
3. Transient conditions 
Fission gas release from uo2 and fuel swelling were determined for the pre-
irradiated test rods exposed to an in-pile LOCA transient, and for the test 
rods with the same steady state preirradiation that were not exposed to the 
transient. 
Fission gas release during steady state irradiation was always below 10 %. 
The additional fission gas release during the LOCA transient was less than 
6 %. 
The fuel density had increased during steady-state irradiation up to about 
3 at.% burnup. This was due to a volume averaged swelling rate of about 
% per I at.% burnup and an irradiation-induced densifiation to about 2 % 
residual porosity. There was no noticeable swelling during the LOCA tests. 
In order to investigate fission gas and fuel behaviour under "small break 
LOCA" conditions fuel samples of the preirradiated but not LOCA~tested fuel 
pins were annelaed out-of-pile for various times at temperatures between 
1200 and 1600°C. The observed effects were small at temperatures up to 
0 0 1400 C. After a 3 hours annealing at 1400 C the swelling was 0.5 % and the 
fission gas release was 3 %. With increasing temperature fission gas release 
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and swelling increase. Fig. 8 shows the fission gas release during the 
annealing tests at 1500 and 1600°C as a function of annealing time. 
The time dependence of the fission gas release during the LOCA and the 
annealing tests supports the conclusion that different release mechanisms 
are effective: 
- microcrack formation, 
- grain boundary separations caused by bubble growth and coalescence, 
- diffusion, i.e. transport of single gas atoms or small bubbles to 
free surfaces or grain boundaries. 
The fission gas fractions, i.e. the released gas, the gas in pores, and the 
gas in the matrix, in fuel samples of a test serie after different treatments 
are shown in Fig. 9. 
4. Summary and Conclusions 
The fission gas behaviour in uo2 is primarily determined by the irradiation 
temperature. With increasing ternperature the rnobility of the gas increases 
resulting ~n higher fission gas release and higher swelling. At all tem-
peratures there is also a burnup dependence of the fission gas release and 
the swelling which is caused by the lirnited capacity of the fuel to retain 
the fission gas. The higher the ternperature the lower is the saturation 
level of the retained fission gas and the earlier it is attained. 
A strong cladding restraint reduces the fission gas swelling to a rnaxirnurn 
value of about 7 vol. % even at high ternperatures. This is presurnably caused 
by preventing the forrnation of large grain boundary bubbles as a result of 
fuel deforrnation. 
At ternperatu~s above 1250 K the swelling rate induced by solid fission pro-
ducts dirninishes with increasing burnup due to the release of cesiurn. 
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Fission gas release during a large break LOCA transient is smaller than 
6 %. Fuel swelling was negligible. During a small break LOCA the fission 
gas release depends strongly on temperature and amounts to about 25 % at 
I873 K after I hour. 
5, References 
/I/ H.E. Häfner, J. Nucl. Mat. 65 (1977) 65 
/2/ H. Häfner und K. Philipp, KFK I389 (I97I) 
/3/ D. Brucklacher and W.Dienst, J. Nucl. Mat. 36 (I970) 244 
/4/ H.E. Häfner and H. Will, Kerntechnik IO (I97I) 454 
/5/ H. Zimmermann, KFK 2467 (I977) 
/6/ R.M. Cornell, J. Nucl. Mat. 38 (1971) 3I9 
/7/ M.W. Speight, J. Nucl. Mat. 38 (I97I) 236 
/8/ C. Ronchi and Hj. Matzke, Fuel and Fuel Elements for Fast Reactors, 
IAEA, Vienna, I974 
/9/ J.A. Turnbull, BNES Conf. Nuclear Fuel Performance, London, Oct. I973 
General Literature 
~-----------------
H. Zimmermann, 
Investigations on swelling and fission gas release in uo2, 
J. Nucl. Mat., 75 (I978) I54-I6I 
D.R. Olander, 
Fundamental aspects of nuclear reactor fuel elements, 
TID-267II-PL (I976), Technical Information Center, ERDA 
C.E. Beyer, C.R. Rann, 
Prediction of fission gas release from U02, 
BNWL-I875 (I973) 
Fig. 1: 
Fig. 2: 
-47-
~ A Load, MH/ml 
C1J 20 ",..,..---- ... D lemp, K • 0 .:2 25-50 Vl 
0 / 
<l> I A < 1350 w ~ ~ A u I 1350 - 1600 0 @ @ c: 
15 I 1600 - 1900 
" 
@ • <l> I 
• .. 1900 "' ~ E I • ::::> I 0 
> I A unrestrained swetting 10 I " 
·-· 
A: 1250 K 
"'8 .?"---- 8:1500K 
"8 c : 1750 K l! ~~'/#:~ ~ 0: 2000 K 5 ·~~~· ,, restrained swetting ~ ~~"~ upper bound: 1900 K 
. ''@' 
0 ~ ~:-..··· t ower bound : 1500 K .f,,~ 
0 2 4 6 8 10 12 
Burnup. % 
Valurne increase of uo2 as a function of burnup. 
0.. A Burnup Range 0-1% A ::> 
c 
..... 8 1-2% ::> 
CO c 2-3% ~ 
....... 
15 0 3-4% ~ 
E 4-5% 
Q) 
-t::l 
0:: 
= c= 
Q) 10 :;& 
Vl 
Tempereture, K 
Mean unrestrained swelling rates of uo2 (without extensive 
bubble migration) as a function of temperature for various 
burnup ranges, 
Fig. 3: 
(/) 
<LI 
'-
0 
CL 
.s 
(/) 
c 
(.0 
Fig. 4: 
-48-
E 8 IO 0 
< I 
I I ::::> c 
....... I 
(/) I E 6 0 I 
- B < I 
(/) I c A gas in the matrix (.0 I 
..... 4 I B gas in pores I 
0 I 
I c retained gas 
I. 0 produced gas 
2 I A 
0 F 
0 2 3 4 5 
Burnup, % 
Fission gas concentrations in U02 as a function of burnup at 1500 K. 
E 
0 
-< 
I 
::::> 
' (/) 
E 
0 
< 
,..., 
. 
52 
18 
12 
6 
~~0 
o without restraint 
• with restraint 
. -~ 
• ........... 0 
fl • ··""b . 
• o "'-oo 
... • 0 0 "':'j!-S! 
080~0--~----~--~--~--~~--~ 
1200 1600 2000 
Tempereture. K 
Fission gas in pores as a function of fuel temperature for 
burnups > 3 at.%. 
Fig. 5: 
Fig. 6: 
-49-
E 6 >< .E 0 wi thout restraint 
..... 
<C 
-
I • with restraint c =:> 
:::E: ....... 
QJ (/) 
= 
E 
0 
c :::;( 4 
(/) ,., 
c' • =~ \ 
., 
2 • .. , oi!Pe~~ 
OOo --~~ 
' Cö ~ 
0 0 
800 1200 1600 zooo 
Temperature. K 
Fission gas in the uo2 matrix as a function of temperature for 
burnups > 3 at.%. 
~ 100 
. ZOOO K QJ 
(/) 
c 1750 K llJ 
QJ 80 , .... 0:: 
"" / 1500 K 
(/) ;' 
c I 
= 
c 60 0 1250 K 
"' 
"' LI.. 
40 
" zo ,." 
,. 
0 
0 z 4 6 8 10 
Burnup, % U- Atoms 
Fission gas release from uo2 as a function of burnup. 
Fig. 7: 
-50-
~ .. 100 )( T < 1400 K 
. 
CU @ 1400K ~ T < 1600 K V) 
0 T Ol!! 1600 K CU 80 .Ii. 
---- 1750K (l) 
0:: 
--
-- . & 
""' r-. A""'~ 1500 K ......, 
.-" 50 I' 
" lfl I l-> ~' 
' 40 I I 
I )( 
I 
I X 
20 I )( x~SOK &I I x /~ )( 
0 ""' )( )( -~ 
0 2 4 6 B 10 
Burnup, % U- Atoms 
Cs-137 release from uo2 as a function of burnup. 
~ 30 
..-
/ 
.!.----- ---• 
20 / 
I • 
II @I_.,.- ... ---,-_.., .............. -- ................ -- .... --
,_._.. . 
•11 
10 
• 1873 K 
• 1773 K 
0 0~---::-.:60:-----,2~0----,80 
Anneallng Time. min 
Fig. 8: Fission gas release during annealing as a function of time. 
Burnup: 2.4 at.%. 
Fig. 9: 
-51-52-
17731< Annealing 
OR mp 
.M 
Fission gas fractions in fuel samples with a burnup of about 2.4 at.% 
after various heat treatments. R = released gas, P = gas in pores, 
11 = gas in matrix. 

-53-54-
D I LWR AND HWR FUEL ROD BEHAVlOR 
UNDER NORMAL CONDITIONS 
1. PELLET-CLADDING INTERACTION (PCI) 
2. ZIRCALOY STRESS CORROSION CRACKING (SCC) 
3, PELLET-CLADDING INTERACTION REMEDlES 
4. CoNCLUSIONs 

-55-
0 . LWR AND HWR FUEL ROD BEHAVIOR UNDER NORMAL CONDITIONS 
I. PELLET-CLADDING INTERACTION IN LWR AND HWR FUEL RODS 
The phenomenon responsible for Pellet-Cladding Interaction (PCI) failures 
is the stress corrosion cracking (SCC) of the Zircaloy cladding. sec is the 
degradation of susceptible materials under the combined action of both an 
applied stress and an aggressive chemical environment where either of these 
factors acting independently would pose little threat to the integrity of 
the material. In a fuel rod, the fuel pellets create a load on the inner 
surface of the cladding, and the aggresive environment is provided by the 
release of volatile fission products from the fuel pellets. 
PCI is recognized as a major mechanism for cladding rupture during normal 
operation /I/. It is also being evaluated as a possible clad failure mechansim 
during offnormal power transients /2,3/. To understand this phenomenon one 
must first consider the processes that occur in a fuel rod in a reactor. 
When the power is raised initially the Zircaloy cladding is ductile and 
the as-fabricated gap between the fuel pellets and the cladding is sufficient 
to accommodate the larger thermal expansion of the fuel pellets. The pellets 
also crack and relocate outwards to contribute to gap closure. Later in life, 
however, the Zircaloy cladding becomes somewhat embrittled due to its exposure 
in the intense neutron environment, while the pellet-clad gap continues to 
decrease due to dimensional increases (fission product swelling) in the fuel 
pellets and, in the case of PWRs, inward motion or creepdownof the thin-
walled cladding in response to the applied coolant pressure. Under such con-
ditions, if the fuel rod power is increased, local power changes may be of 
sufficient magnitude to cause direct interaction between the uo2 pellet and 
the Zircaloy cladding with the resulting straining and possible fracture of 
the cladding. 
Both the presence of aggressive chemical species and high localized stress 
(strains) are prerequisites for power-ramp-induced PCI failures, although the 
relative contributions of these two factors remains tobe resolved /I/. This 
synergism between stress or strain concentrations at pellet crack and/or 
pellet-pellet interface locations and the harmful species is schematically 
illustrated in Fig. I. 
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The principal basis for concluding that PCI fracture of Zircaloy cladding 
is the result of stress corrosion is the large body of data on the shape 
and morphology on the cracks found in both power reactor /4, 5/ and test 
reactor /6,7/ fuel rods, which exhibit similar characteristics to those found 
for cracks induced in laboratory sec experiments using iodirre (a known fission 
product) as the embritt:ling agent /8,9/. The key features in common are listed 
as follows /10/: 
1. Cladding cracksarenormal to the cladding surface (i.e., 90° to 
the hoop stress). 
2. A nurober of partially penetrating (incipient) cracks are observed. 
3. Incipient cracks are tight, i.e., operrings aresmall compared to 
their length. 
4. Fully penetrating cracks are characterized by an absence of gen-
eral deformation or necking of the cladding. 
5. Fracture surfaces are essentially macroscopically flat with little 
evidence of extended 45° shear fracture segments except perhaps 
near the outer cladding surface. 
6. At the microscopic level, fracture surfaces exhibit flat cleavage 
planes and fluted regions. 
Figures 2 and 3 illustrate some of these features. 
The SCC phenomenon in Zircaloy appears to be the operative failure mode over 
a broad range of reactor operating conditions. PCI failures have occurred in 
Zircaloy-2 BWR and Zircaloy-4 PWR cladding, operated under quite different 
conditions but within the normal range for fuel rod linear heat generation 
rates in power reators (26 to 43 kW/m); similar failures arealso seen in 
test reactor fuel rods that are power ramped outside the normal power reactor 
domain (e.g., to powers 60 > kW/m at ramp rates up to ~ 0.16 kW/m/s). The impli-
cation of this conclusion is that stress corrosion cracks can form and propagate 
under a broad range of mechanical/chemical conditions, extending from high 
stress - low fission product (iodine) availability to low stress-high fission 
product availability situations. Thus, fission product availability and stress 
can be considered to be reciprocal in the Zircaloy PCI-SCC process. 
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2, ZIRCALOY STRESS CORROSION CRACKING 
Mechanistic studies of Zircaloy SCC have been, and still are, involved in 
(a) characterizing the steps involved in iodine sec and the role, 
if any, of Zircaloy's metallurgical properties; 
(b) identifying the rate-limiting or critical steps in the process; 
and 
(c) establishing the mechanical/chemical conditions for SCC, in 
particular the existence of "thresholds". 
The majority of the data is from unirradiated Zircaloy-2 and-4, but sufficient 
data have been obtained on irradiated cladding to show the major effects of 
irradiation /11,12/. The current data base supports a threshold-stress con-
cept; that is, a sustained critical tensile stress in a sustained environ-
ment of aggressive fission-product species /11/. The threshold stress is 
associated with the formation of a crack at inhomogeneities in the Zircaloy 
surface (e.g., FeNiCr orAl/Sirich particles) /9/. If the ID oxidefilm is 
cracked, small intergranular cracks will form below the threshold stress, but 
these are nonpropagating. The threshold stress is influenced, as expected, by 
iodirre availability, a well-defined iodirre concentration threshold, of 
1-3 x 10-2 g r 2/m
2
, was measured below which no cracking was observed /13/ 
(Fig. 4). The iodirre concentration threshold (critical iodine concentration) 
depends strongly on temperature /3/. An influence of iodirre on the mechanical 
properties of Zircaloy cladding can be observed up to about 800°C /3/. Times 
to failure above the iodine concentration thresholds were reduced by about 
an order of magnitude for each order-of-magnitude increase in iodine con-
centration, and failure strains dropped to near zero ( ::: 400°C). This work 
also indicates a temperature influence such that a temperature increase from 
623 to 673 K produced two orders of magnitude reduction in time to rupture. 
Similar behavior was observed in tests on irradiated Zircaloy. 
The effect of metallurgical variables on Zircaloy SCC does not appear to be 
strong /9,11,14/. Data on unirradiated Zircaloys indicate a slight effect of 
microstructure, and there is an influence due to either Zircaloy surface con-
dition, surface texture, or internal stress, or a complex combination of 
these features /14/. By far the strongest effect on threshold stress, however, 
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is that of irradiation, which tend to override any small differences in 
microstructure or chemical compositions /11,15/. Results from pressurized-
tube tests on power reactor irradiated Zircaloys (from which the fuel was 
removed before testing), shown in Fig. 5, clearly show the large reduction 
in threshold stress (when compared as a fraction of the yield strength) at 
lang times to failure, which is observed after 5 x 1024 n/m2 fast neutron 
fluence, sec can therefore 
stress to a fraction (~ !) 
3 
occur at stresses rauging from close-to-yield 
of the yield stress (i,e., in the elastic range!). 
At the high stresses short, axial splits result, wheras at the low stresses 
pinhole failures were most cornrnon. Cracks of both type have also been ob-
served in defected power reactor fuel rods /4,5/. 
Although there is a generat consensus that plastic tenslle strain is needed 
for SCC to occur, there is some doubt as to whether a macroscopic critical 
strain is a prerequisite for sec. Rather, the data SUpport a threshold stress 
concept as discussed above. 
Due to a combination of anisotropic properties and varying axial and circum-
ferential stress and temperature profiles, the strain distribution in a fuel 
rod cladding is irregularly distributed even on a macroscopic scale, as ~s 
evidenced by the observation of both creep ovalization (particularly in PWR 
CLADDING) and circumferential ridge formation. The former, as noted earlier, 
is partially responsible for closure of the fuel-clad gap - ovalization 
generally results is point contact between fuel and cladding. The latter 
form as a result of a "ratcheting" process - cyclic stretching of the 
cladding by the fuel- principally during power cycling /16/. There is 
clear evidence from test reactor data that ridges form or grow during power 
ramps /17,18/. These ridges are the location of the PCI-induced crac~s, but 
since this is also the region of maximum fission product concentration, it 
is not clear whether the high stress (or strain) concentration at ridges 
is responsible for crack initiation. 
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The fuel pellet is both the source of clad loading and of fission-product 
chemical environment. In the former role, it is the cracking, and relocation 
of the cracked fuel segments, that provides the principal source of cladding 
stress, with fission-product swelling making a smaller contribution. At higher 
fuel rod powers and hence fuel temperatures, fuel pellet plasticity can of 
course relax part of these stresses, but, in general, operating conditions 
minimize this effect. Stresses (and hence strains) are concentrated over 
fuel pellet cracks at pellet-pellet interfaces, due to the "wheatsheafing" 
expansion characteristics of the fuel pellet. Fig. 6 illustrates the "theo-
retical" picture of a cracked fuel pelletat operating temperature /19/. 
Utilizing such a model, hoop stress concentrations of factors of 2 or more 
have been calculated in PCI situations /16,19/. 
The second key aspect of the PCI process ~s the availability of aggressive 
fission products at the cladding inner surfaces. Current information about 
fission product availability in fuel rods is very limited and is only suffi-
cient to indicate a correspondence between the occurrence of PCI cracks and 
the presence of fission products at the cladding inner surfaces /20/. 
The species most aggressive to Zircaloy are iodine, cesium and cadmium (in 
that order) which are released in vapor form from regions of the fuel that 
operate at high temperatures. These vapors then migrate and form compounds 
(e.g., Csi) that condense on the cooler inner surface of the cladding. In 
calculating the release of the aggressive volatile fission products (VFP) 
the assumption is typically made that the fraction released is equal to the 
fraction of inert fission gases released by the fuel. 
A recent "first generation" model for the behavior of VFP provides a more 
detailed picture of their behavior. As schematically represented in Fig. 7, 
several different regimes, and hence behavior patterns, are expected /21,22/. 
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(I) For low fuel temperatures, the VFP do not redistribute. 
(2) For steady-state operation at higher temperatures or for 
slow temperature increases, the VFP migrate readily toward 
the fuel periphery and for the most part remain in the uo2 
(a small fraction find crack surfaces and hence an easy path 
to the rod free volume). 
(3) For low burnups or small increases in burnup after the most 
recent temperature rise, the VFP will migrate radially to the 
fuel periphery and rema1n 1il the uo2 even for fast temperature 
increases. 
(4) For fast temperature increases after some burnup (larger than 
that of Item 3) at low temperature, the VFP will be released 
and deposited on cladding inner surfaces and will be available 
to cause SCC or PCI failures, 
(5) The fractional release of VFP during the operational mode iden-
tified in Item 4 above will be approximately equal to the frac-
tional fission gas release. 
(6) The fractional release of VFP during operational modes 1,2 and 
3 above is expected to be smaller than the fractional fission 
gas release, 
The interesting feature of this model is that it can exp1ain the effects of 
duty cycle on PCI failure probability strictly in terms of the availability 
of VFP at the cladding inner surface, and hence downgrades the importance of 
mechanical loading of the cladding. 
3. PELLET-CLADDING INTERATION REMEDlES 
The understanding of PCI is advanced but incomplete, Nevertheless, design 
and operating remedies have been introduced in an attempt to alleviate the 
impact of PCI on plant capacity. Design remedies have addressed the mechanical-
chemical nature of PCI, namely reducing clad stresses, fuel temperatures, 
and/or fission product release. Operation remedies have emphasized reduced 
severity of the duty cycle through less use of control rods for achieving 
power maneuvers and power shaping. One of the most significant changes to 
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the LWR fuel design that is expected to reduce PCI darnage was the increase 
in the nurober of fuel rods per assernbly to reduce the power per rod. For 
PWRs, however, the principal reason for this changewas not PCI alleviation, 
but to reduce the consequences of hypothetical accidents to acceptable con-
servative levels. 
Early changes adopted by fuel vendors included fuel pellet shape, clad thick-
ness, and rnetallurgical structure, all of which were intended to reduce clad 
stresses. Subsequent and current changes being evaluated address either or 
both (a) the thermal, and hence fission product, environrnent in the fuel rod, 
and (b) crack forrnation at the cladding inside surface /23,24/. 
One other "simple" change recently introduced by BWR vendors is prepressuri-
zation (typically 0,3 to 0,5 MPa heliurn) of the fuel rods, which is the 
current practice in PWR designs. This step should stabilize the internal 
thermal environrnent (i.e., fuel-to-clad gap heat transfer), thereby elirnina-
ting the possibility of the sharp ternperature rise and high fission product 
release that is sornetirnes observed in unpressurized fuel rods /4,10/. 
Modifications to the fuel pellet itself that would reduce (or elirninate) 
fission product release also appear practical. Three that are being pursued 
are the annular pellet /25/, a large grain size fuel pellet (fabricated using 
Nb2o3 as an additive) in which the large grains delay the grain boundary 
saturation and release process, /23/ and a dual enrichrnent (or duplex) pellet 
which, by virtue of an outer enriched uo2 region and an inner natural uo2 
core, operates at lower average ternperatures and flatter ternperature gradients 
for the same equivalent power /23,24/ (Fig. 8). 
The rnechanical properties of Zircaloy have been rnodified progressively over 
the years to respond to various concerns (creep collapse, fuel rod bow, etc.) 
and they seern to be optirnized for overall perforrnance in LWRs. Texture could 
perhaps be rnodified to make the I.D. surface rnore resistant to crack forrna-
tion and earlystage propagation. A rnodification of the inner surface of the 
Zircaloy cladding would elirninate (or disperse) the locally high concentrations 
of alloying irnpurities (Fe, Cr, Ni), or irnpurities (Al, Si) at or near which 
cracks have been found to initiate /9/. Suitable heat treatrnents, cornbined with 
a general "clean-up" at the ingot, and piekling and grit blasting stages could 
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possibly achieve some significant improvements. Of the "remedies" that fall 
into this category, none alone, or in combination, appears likely to lead 
to a nil-capacity loss fuel. A modified design combination, such as a pre-
pressurized fuel rod containing an annular, large grain size fuel pellet, 
when combined with controlled core operations using a power shape monitaring 
type of system, may well be more than adequate for PWRs in which power 
maneuvers are made by chemical shimming (with boron), or for base-loaded 
BWRs. For load-follow capacity in BWRs, however, which would make extensive 
use of the control rods, a more forgiving design must be sought. Since 
Zircaloy and uo2 , in contact, are basically incompatible, a barrier between 
the two fuel-rod components seems a logical remedy. There is some evidence 
which indicates that the I.D. surface oxide film itself could be an effective 
barrier to sec if it remains intact, /26/but most vendors have opted for a 
barrier material. The Canadians have developed a graphite coating on the 
Zircaloy I.D., called CANLUB fuel, for their CANDU reactors; /27/ extensive 
data indicate an improvement in PCI resistance which is due, primarily, to 
a fission product "gettering" mechanism, rather than to relaxation of inter-
face stresses /28/. The Canadians are now pursuing a siloxane coating which 
will likely provide improved chemical gettering properties /27,28/. 
For LWR application a more acceptable barrier would be a metal on the cladding 
surface, since it is unlikely that a ceramic coating could survive a LWR 
fuel cycle (e.g., the discharge burnup of CANDU fuel is 1037 GJ/kgM compared 
to 2000 to 3000 GJ/kgM). It is generally believed that the BWR duty cycle will 
necessitate that the barrier be both impervious to iodine attack and sufficiently 
plastic to relax interfacial stresses in the cladding. Two candidates that 
are receiving worldwide attention are copper (plated as a 5-10 ~ layer on 
the inner surface) and zirconium (coextruded with the Zircaloy) /29/. Both 
laboratory PCI simulation tests and test-reacto~ ramp tests have confirmed the 
advantages of these concepts over conventional Zircaloy cladding in resisting 
cracking. The Cu- and Zr-barrier fuel rods survived ramps to ~ 60 kW/m and 
6-24 h holds at peak power, after 864 GJ/kgM burnup, wheras conventional rods 
failed by PCI-SCC in an hour or less. Fig. 9 shows the typical appearance 
of the (a) copper and (b) zirconium layers after ramping, compared to a (c) con-
ventional cladding. 
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4. SUMMARY AND CONCLUSIONS 
Mechanical and chemical interaction between the uo2 fuel pellets and the 
Zircaloy cladding of L\~ and H~ fuel rods can result in cladding failures. 
PCI failures tend to occur in rods that have been irratiated to significant 
burnup and then subjected to power increases. It is now generally agreed that 
this type of failure is due to SCC of the cladding. Cracking, usually on a 
radial plane, originates at the inside surface of the cladding by fuel thermal 
expansion during the power ramp and by chemical attack of aggressive fission 
products released rom the uo2 fuel. Iodine is one of the prime suspects as 
the chemical substance involved in PCI-SSC failures. 
The incidence of PCI failures can be kept acceptably low by using very slow 
rates of power change. However, this solution is expensive because of the 
substantial costs associated with the operation of the power plant at partial 
capacity throughout the lang periods while the power is being slowly increased, 
Thus, there is an important need to understand and improve the SCC behavior 
of Zircaloy cladding so that increased operational flexibility and reduced 
costs can be achieved while maintaining the frequency of fuel failures at 
an acceptably low level. 
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Schematic of PCI Zircaloy fuel rod failure mechanism. 
Partial through-wall crack in irradiated Zircaloy cladding 
caused by SCC (power reactor fuel rod). 
Fig, 3 
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FINAL DUCTILE 
REGION 
IODINE-SCC 
REGION 
PREFLAW 
A through-wall stress corrosion crack in the Zircaloy cladding 
of a fuel rod, Failure was induced by rapidly increasing power 
~n a test reactor following irradiation of the fuel rod in a 
commercial reactor. 
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Pellet temperature 
Dual enrichment Barrier 
Modifying fuel rod designs to decrease the amount of aggressive 
fission products reaching the inner surface of the cladding 
appears promising as a means of preventing PCI failure. 
Large-grain-size fuel should delay fission product release. 
Annular pellets reduce fuel temperatures, hence fission product 
release, by removing the hattest part of the pellet. Duel-enrich-
ment pellets achieve these goals by surrounding an inner core of 
natural uo2 with an outer ring of enriched uo2 • Another approach to 
preventing PCI failure is to place a physical barrier between the 
pellets and the Zircaloy cladding to prevent its attack by aggressive 
chemicals. 
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E • LWR FUEL ROD BEHAVIOR UNDER OFF-NORMAL CONDITIONS 
I. Introduction 
Investigation of fuel rod behavior under off-normal conditions was initiated 
to determine the safety margins of licensing procedures, to identify overcon-
servatisms and, where necessary, to formulate more precise criteria to achieve 
an even higher level of safety. 
Numerous in-pile and out-of-pile experiments have been performed. Computer codes 
have been developed and tested agairrst these experimental data. Initially, the 
work was performed only in the USA and West Germany; later Japan, England, 
Canada, and France started similiar programs. 
The ~ower ~urst Iacility (PBF) reactor at the Idaho National Engineering Labara-
tory (USA) is the largest installation constructed for in-pile testing. The 
moste comprehensive experimental program concerning fuel rod behavior under off-
normal conditions was performed in this reactor by EG&G, Idaho, Inc. In-
vestigations in the other countries (except Japan) concentrated mainly on Loss 
Qf ~oolant !ccidents (LOCA), particularly in West Germany. Fuel rod behavior 
under Reactivity Initiated !ccident (RIA) conditions was studied primarily 
in Japan in the Nuclear ~afety Research Reactor (NSRR), a swimming pool 
reactor. 
The objectives of the PBF experimental program were: 
- to investigate fuel rod failure under different types of 
accident or transient conditions, 
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- to identify the most important parameters and determine the 
threshold for fuel rod failure, 
- to determine the extent of fuel rod damage, and 
- to obtain experimental data for the development and verification 
of analytical models used to predict fuel rod and core behavior. 
The types of accidents and transients considered here are the following: 
- fower ~ooling ~ismatch !ccident (PCM) 
- !eactivity !nitiated !ccident (RIA) 
- Loss of Coolant Accident (LOCA) 
- - - -
- ~?ticipated !ransient ~ithout ~cram (ATWS) 
- Severe Fuel Qamage Accident (SFD) 
Subsequent paragraphs will describe these accidents in detail,with special 
emphasis on the LOCA research which has been performed at the Kernforschungs-
zentrum Karlsruhe. 
2. Power Coolirtg Mismatch Accident 
The PCM accident has been investigated primarily in the PBF reactor. The PCM 
test series was designed to parametrically evaluate the behavior of pre-
viously unirradiated fuel rods, with cladding temperature, fuel rod power, and 
time in stable film boiling as the primary variables. Fuel rod power, cladding 
temperature, and fuel rod internal pressure are the most important variables 
influencing the failure mode. The Irradiation !ffects (IE) test series was 
designed to investigate the effects of prior irradiation and rod design 
variables on the film boiling behavior of typical Ll{R rods. The specific 
variables investigated included cladding irradiation damage; rod internal gas 
composition and pressure; closure of fuel-to-cladding gap due to cladding 
creep, fuel swelling, and relocation of cracked pellet fragments; fuel density; 
and the presence of corrosive fission products. 
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In a postulated PCH accident, Q_eparture from !ucleate ~oiling (DBN) can be 
caused by a coolant deficiency or a transient increase in reactor power. 
DBN increases cladding and fuel temperatures, and may result in cladding 
embrittlement and cladding and/or fuel melting. 
This type of postulated accident can be initiated by any one of several events. 
Examples of a perturbation in cooling are: 
- pump failure 
- leak in secondary system 
- lass of load. 
Examples of a p9wer increase are: 
- control rod withdrawal 
- lass of a main coolant pump. 
2.3. Failure mode 
------------
Film boiling operation produces high cladding temperatures within the film 
boiling zone, At elevated cladding temperatures, the system over pressure 
causes collapse of the cladding onto the fuel column, into pellet interfaces, 
and into chips on the pellet surfaces. In a PCH accident, the coolant pressure 
is always higher than the fuel rod internal pressure. The intimate contact 
between the fuel and the cladding at high temperatures results in a cladding-
fuel reaction at the cladding inside surface. The elevated cladding temperatures 
also result in a cladding-steam reaction at the cladding outside surface. 
Both chemical reaction constribute to cladding embrittlement, which is the 
primary failure mode in a PCH accident. A typical fuel rod failure due to:.oxygen 
embrittlement is shown in Figure 1. Thermal stresses, produced in the cladding 
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(thermal shock) during rewetting of the rod from film boiling operation, resulted 
in brittle fracture of the Gladding. Film boiling operation also produces high 
fuel temperatures which may reach the melting point of uo2. 
Within the film boiling zone, the cladding collapses onto the fuel stack due 
to lass of cladding strength at the elevated temperatures and the differential 
pressure (typically 7 MPa) across the cladding. The cladding faows into irregu-
larities in the fuel stack, such as the gaps between pellets and chips in pellet 
surfaces, as shown in Figure 2. The cladding collapse into pellet interfaces 
is termed "waisting". Previously irradiated cladding behaved similarly to un-
irradiated cladding, and thus led to the conclusion that irradiation darnage 
is annealed out at elevated temperatures. 
The collapse of the cladding onto the fuel stack produces intimate contact 
between the fuel and the cladding. The uo2 is reduced by the Zircaloy and 
oxygen diffuses into the claddine to produce oxygen-stabilized a-Zr(O). This 
material is brittle and degrades the ductility of the cladding. In addition 
to the a-Zr(O) phase, a (U,Zr) phase is formed which is liquid above 1470 K. 
The interaction between the fuel and the cladding has been extensively studied 
in out-of-pile experiments from 1270 to 1970 K. 
The reactions of Zircaloy with steam at the cladding outside surface produces 
a double layer of zirconium dioxide (Zr02). In addition, a layer of oxygen-
stabilized a-Zr(O) is formed as oxygen from the Zro2 diffuses in the Zry. These 
layers on th~ cladding outside surface are brittle and degrade the ductility 
of the cladding. The cladding-steam reaction has been extensively studied in 
out-of-pile experiments fxom 1070 to 1870 K. 
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Fuel restructuring always occurs in the fuel pellets within the film boiling 
zone. Fuel melting can occur at the center of the fuel pellet, accompanied by 
the characteristic central void and surrounding ring of high density large 
grain fuel. Outside the large grain fuel region, equiaxed grain growth occurs 
with the grain size decreasing toward the pellet outside surface. Extensive 
fuel melting, up to about 80 % of the pellet radius, has been observed in the 
film boiling zone. Evidence of extrusion of molten fuel into pellet-tc-pellet 
interfaces,into the fuel-cladding gap and into fuel cracks has been observed 
(Fig. 3). Contact of molten fuel with the cladding does not necessarily cause 
fuel rod failure. Fuel melting was caused principally by the large decrease in 
gap conductance which occurred when the fuel relocated and created large gaps 
in the fuel stack. (between the remairring fuel and the cladding). 
In Figure 4, fuel microstructures form the equiaxed grain growth regions of 
two previously irradiated fuel rods are compared. Both rods have similar burn-
ups, but one rod was subsequently tested in film boiling. The density of fission 
gas bubbles at the grain boundaries is much greater in the fuel that was tested 
in film boiling. The additional gas bubble volume contributed to fuel rod swelling. 
3. Reactivity Initiated Accident 
The RIA is a design basis accident. The rapid injection of excess reactivity 
into a LWR core has long been recognized as a potential accident in which fuel 
rod failure can occur. Extensive cladding failure and the subsequent dispersal 
of fuel into the coolant could disrupt the core geometry to such an extent that 
the post-accident core coolability would be significantly impaired, Licensing 
requires that LWR's must be designed such that a worst-case RIA will not result 
in a radial average fuel enthalpy greater than 280 cal/g uo2 at any axial location 
in any fuel rod. The RIA accident has been investigated primarily in the NSRR 
and in the PBF reactor. Fuel rod de-sign variation tests have been conducted to 
study the influence of fuel rod internal pressure, radial gap width, gap gas 
composition, fuel enrichment, pellet shape, cladding wall thickness, cladding 
heat treatment, and various cladding materials on fuel rod behavior during 
a RIA transient. 
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During a very short power hurst a certain amount of excess energy is generated. 
Since the time span is so short, essentially no time is available to remove the 
heat from the pellet via the cladding to the coolant. The amount of energy 
generated is generally small enough that fuel melting is prevented, Due to 
sharp fuel temperature increases, transient fuel swelling may occur as men-
tioned in section 2. The Zry tube may be embrittled by oxidation, and may melt. 
A RIA ~s caused by ejection of a control rod from the core. 
3.3. Failure mode 
------------
Energy deposition in the fuel, and the consequent enthalpy increase is the 
single most important independent variable. The failure threshold for unirradi-
ated fuel was an energy deposition of about 240 to 265 cal/g uo2 and is re-
latively irrsensitive to cladding material heat treatment, fuel form, fuel 
material, and gap width. Prepressurization of fuel rods causes a reduction in 
the failue thre~hold for internal pressures ~ 1.2 MPa. Rads prepressurized to 
2.9 MPa failed in the range of 150 tb 160 cal/g uo2 . 
Cladding melting during the power excursion or cracking of embrittled cladding 
during cooldown is the apparent causes offailure of unirradiated fuel rods 
for tests in which the rods received a total energy deposition of 350 eal/g 
uo2 or less. 
Wall thickness variation occurred as the result of extensive plastic flow of 
the hot cladding prior to significant oxidation. An example of the variation 
in circumferential wall thickness is shown in Figure 5 for an unirradiated·PBF 
fuel rod subjected to an axial peak enthalpy of 250 cal/g uo2• The oxygen 
embrittled cladding was breached in a region of wall thinning, and partial fuel 
lass occurred. Figure 6 shows photographs of typical unirradiated fuel rods 
in which the total energy deposition ranged from 168 to 378 cal/g uo2• 
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Unirradiated fuel rods subjected to total energy depositions in excess of 
about 350 cal/g uo2 failed by cladding rupture prior to the attainment of 
cladding melting, and signific~nt fragmention of the rods occurred, Internal 
pressure from uo2 vaporization was shown to be the likely cause of these 
failures. 
In tests with preirradiated fuel rods (burnups to 32 000 MWd/t), rod failures 
occurred at lower energy depositions in some cases than in similar unirradiated 
fuel rods, with little sensitivity attributable to the degree of burnup. Hhereas 
unirradiated fuel rods failed due to cladding melting or cracking, irradiated 
rods failed due to extensive fission product-induced swelling of the fuel at 
high ternperatures. The irradiated fuel showed considerable porosity (Fig. 7), 
which was due to the release, coalescence, and expansion of gaseaus and vola-
tile fission products within the fuel matrix. 
Waterlogging, or water absorption within oxide fuel, could result during 
shutdown conditions in a fuel rod with damaged cladding. The failure threshold 
of waterlogged fuel was strongly dependent on cladding material and cladding 
heat treatment. Zircaloy clad waterlogged rods were found to fail by cladding 
rupture at total energy depositions as low as 60 cal/g uo2 . Although failure 
often produced high transient pressures (in the tens of MPa) in the test capsule, 
the pressure pulses were very narrow and did not contain sufficient energy 
to darnage adjacent rods. Large radial cladding expansion and small, or negative, 
axial cladding expansion occurred. 
4. Loss of Coolant Accident 
The large break LOCA is a design basis accident. Passihle fuel rod deformation 
during a LOCA is a main concern of LWR safety research. In particular, in the 
second heatup phase of this accident, after the ~oolant has escaped from the 
reactor pressure vessel and before the emergency core cooling systems (ECCS) 
reflood the core, there is some probability of failure for many fuel rods. 
Elevated cladding temperatures, which reduce the strength of the material, 
combined with an increase in stress caused by internal overpressure (rod fill 
gas and fission gas pressure) after system depressurization, may result in 
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rod ballooning and rupturing. Because of its potential to reduce the effectiveness 
of ECC, this fuel rod behavior has been the subject of extensive analytical 
and experimental research. Most of the experiments have been performed out-of-
pile with electrically heated fuel rod simulators. However, since some para-
meters cannot be simulated adequately out-of-pile, experiments in a nuclear 
environment have also been necessary. 
In a LOCA DNB occurs due to system depressurization. Cladding temperatures 
increase because of the fission product decay heat and the heat stored in 
the fuel pellets (the reactor has _.scraliJilled). Depending on the pressure 
difference across the cladding and on the temperature large plastic defor-
mation,, may occur until the rod ruptures or is quenched by the emergency core 
cooling systems. 
A LOCA is caused by a large break in the primary coolant loop. The size of 
the break is a parameter. It is assumed that the emergency core cooling systems 
work properly. 
4.3. Failure mode 
Depending on the axial and azimuthal cladding temperature gradients, large plastic 
deformation may occur which can form cooling channel blockages. Such block-
ages would inhibit cladding rewetting within the blockage area. Cladding 
embrittlement due to steam oxidation or partial fuel melting due to insufficient 
cooling may occur. 
Several important question with respect to cooling channel blockages are: 
- when does cladding creep or deformation begin ? 
- when does cladding fail ? 
- what is the influence of neighboring rods ? 
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A large research program was initiated at KfK to answer these questions. 
The work has been divided into the following areas: 
- Zry cladding behavior experiments at high temperatures in 
inert and oxidizing atmospheres (out-of-pile) 
- single rod and bundle experiments using indirectly heated simulators 
(out-of-pile) under LOCA typical thermohydraulic boundary conditions 
- single rod experimental (in-pile) 
- subchannel blockage experiments (out-of-pile) 
- code development (SSYST) 
Depending on test temperature and pressure, failure strains of 50 % to 120 % 
have been observed in Zry cladding experiments in an inert atmosphere. Below 
1090 K (the lower boundary of the a/ß phase transition region), a characteristic 
bending of the specimens towards the side of rupture is observed (Fig. 8). In 
an oxidizing atmosphere, rupture strains are strongly reduced due to oxygen 
embrittlement of the cladding. The effect of oxygen can also be seen when 
tensile test specimens without external load are exposed to air at 1170 K. 
Oxidationstresses strain the specimens to a remarkable extent (Fig. 9), and 
the oxide skin inhibits extended necking (Fig. 10). 
The creep rate of Zry is extremly sensitive to temperature. Fuel rod simulator 
experiments have shown that local temperature perturbations, i.e. an azimuthal 
temperature gradient,can lead to a drastic reduction in strain. The cladding 
deforms only in the region of the hot spot and fails with a relatively small 
circumferential strain (Fig. II), A small azimuthal temperature gradient 
results in a relativelJ large circumferential strain, Bundle experiments 
essentially show the same behavior as single rod experiments. In addition, 
bundle experiments also show the effect of coolant on subchannel temperature 
and consequently on strains. If the coolant is mainly dry steam, axial tem-
perature gradients are large and azimuthal temperature gradients are small. 
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The circumferential defor~tion will therefore be large but only a short 
axial section will be affected. If the coolant is a two-phase steam-water 
mixture, axial temperature gradients are small and azimuthal temperature 
gradients are large. Therefore, a langer axial section will be effected but 
the circumferential deformationwill be relatively small (Fig. 12). 
To investigate the possible influence of a nuclear environment on fuel rod 
failure mechanisms, unirradiated as well as irradiated (2500 to 35 000 MWd/tU) 
PWR-type test fuel rods were exposed to temperature transients simulating the 
second heatup phase of a LOCA. Loaded by internal overpressure, the cladding 
ballooned and ruptured. The hurst data are not significantly different from 
results obtained out-of-pile with electrically heated fuel rod simulators, and 
do not show an influence of burnup. The fuel pellets in previously irradiated 
rods, already cracked during normal operation, crumbled completely in the regions 
with large cladding deformation (Fig. 13).Posttest examinations revealed clad-
ding mechanical behavior and oxidation to be comparable to out-of-pile results, 
with relatively little fission gas release during the transient. 
Flow blockages produced by ballooned claddings change the cooling mechanism 
downstream of the blockage. The increased flow resistance in the ,blocked region 
results in a reduction of the mass flow of the coolant. On the other hand, 
droplet breakup and atomization of the liquid phase occur at the blockage, 
which improve heat transfer for a given coolant mass flow. Which of these 
effects is moredominant depends on a number of boundary conditions, e. g., 
flooding rate, ratio of blocked to unblocked areas etc. 
Within the FEBA program /5/ flooding tests have been performed under transient 
LOCA conditions on a 5x5 bundle with conical sleeves simulating the flow blockage. 
Fig. 14 shows cladding temperature transients in the blocked and unblocked re-
gions for a flooding rate of 3.8 cm/s and a blockage ratio of 62 % in the blocked 
region. It is evident fuom the diagram that under the given conditions the 
effect of water droplet breakup, which improves the heat transfer, overcompensates 
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the degrading effect of mass flow reduction with the consequence that the 
cladding temperature downstream of the blocked region is somewhat lower com-
pared to that in the unblocked region. Only at relatively low flooding rates 
of about 2 cm/s the cladding temperatures in the blocked and unblocked regions 
are almost the same. 
Experimental results suggest that flow blockages up to about 90 % do not 
degrade emergency core cooling, not even at relatively low flooding rates. 
SSYST generally considers a single fuel rod in R-Z geometry. In particular, 
SSYST includes the following fuel rod behavior models /7/: 
- radial and axial heat transfer in the rod 
- open and closed gap conductance using gas mixture conductivity and 
radiation for the open gap and the Ross and Staute model for the 
closed gap 
- cladding outside surface oxidation using Baker-Just reaction kinetics 
- rod internal pressure considering dish, crack, and gap temperatures 
as well as the plenum temperature, with an optional model for gas flow 
rod mechanics assumlng thermoelastic fuel and thermoelastic plastic 
cladding 
azimuthal variations of temperature, gap conductance, oxidation, and 
cladding creep due to fuel-cladding eccentricity 
subchannel thermal hydraulics using RELAP calculated mass flux to 
calculate the enthalpy rise and evaluate the appropriate heat trans-
fer coefficients. 
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Burnup dependent initial conditions are provided through a link to COMETHE 
III-J L-9_7. Geometry, gas pressure and content, power distribution, and 
porosity data are transferred. Boundary conditions during the blowdown, 
refill, and reflood phases of a LOCA are provided through links to RELAP4/MOD5, 
L-10_7, WAKO L-11_7 and REFLOS L-12_7. Subchannel temperature and pressure, 
heat transfer coefficients, and normalized power history are usually transferred. 
A major goal of SSYST development is to model bundle behavior. Special sub-
routines have therefore been developed which construct probabilistic descrip-
tions of bundle behavior using Monte Carlo methods. 
5. Anticipated Transient without Scram 
Anticipated nuclear power transients are deviations from normal plant operating 
conditions that result from system component malfunctions which may occur one 
or more times during the. service life of a reactor and are normally accompanied 
by a control rod scram. They are distinguished from "accidents" which have a 
much lower probability of occurrence. Many of the anticipated transients may 
be postulated to occur with a failure of the automatic scram system and are 
then termed "anticipated transients without scram (ATWS)", Significient damage 
is not currently predicted to occur for any pressurized water reactor ATWS 
event. However, boiling transition and high cladding temperatures are predicted 
to occur for the most severe boiling water reactor ATWS events. 
During a power transient, excess energy ~s generated in the fuel which results 
in higher fuel temperatures. Due to the increased thermal expansion of the uo2 
fuel, ~ellet-~ladding mechanical and chemical !nteractions (PCI) may occur which 
can lead to fuel rod failure. Boiling transition and high cladding temperatures 
may cause cladding oxidation and embrittlement. 
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An ATWS transient can be caused by any one of the following events: 
- control rod withdrawal 
- boron dilution 
- lass of primary flow 
- lass of electrical load (generator trip, turbine trip) 
- lass of condenser vacuum. 
5.3. Failure mode 
The differential thermal expansion between the fuel and the cladding (thermal 
expansion of the fuel is larger than that of the cladding) causes strong 
pellet-cladding interactions. Therefore, at very fast power ramps the fracture 
strength of the cladding can be exceeded and the tubing may fail. In the pre-
sence of aggressive fission products such as iodine, the stressed cladding 
can fail far below its fracture strength due to iodine-induced Stress-earrosion 
~racking (SCC). sec failure of the cladding occurs in a brittle mode. 
6. Severe Fuel Darnage Accident 
The consequences of a severe accident are dependent up on the sequence of darnage 
~n the accident. Degraded core cooling accidents can take many paths depending 
on several key parameters, including heating rate, cooling rate, steam flow, 
peak temperature, fuel rod burnup, bundle size, and low melting temperature 
control and structural materials. The darnage produced is expected to range from 
fuel rods with cladding totally oxidized to Zro2 and geometry altered only by 
localized ballooning and rupture of the rods during the heatup, to rods with 
the formation, relocation, and freezing of malten cladding and liquefied fuel, 
to the formation of rubble beds of fuel pellet fragments, oxidized cladding 
fragments, solidified malten fuel, solidified liquefied fuel and solidified 
spacer grid, control rod and structural materials. The ~evere !uel Qama3e 
(SFD) tests in the PBF reactor (which began in September 1982), combined with 
data from special separate effects tests anu examination of the Tt1I-2 core, 
will significantly improve understanding of the behavior of a large LWR during 
a degraded core cooling event. 
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DNB is overridden by coolant boil-off. Cladding temperature are elevated 
for a long period of time and melting may occur. Associated with the high 
temperatures are severe oxidation and embrittlement of the cladding. 
A possible SFD accident seuqence is a leak in the primary coolant loop and 
failure of the emergency core cooling system, 
The failure mode depends on the cladding temperature rise rate. A fast heatup 
rate (> 5 K/s) results in cladding melting and runoff with some dissolution 
of uo2 in the melt. A slower heatup rate results in a Zr02 shell within which cladding 
melting occurs, with substantial uo2 dissolution, A very slow heatup rate 
(~ 0.5 K/s) results in complete oxidation of the cladding(no melting)and possible 
rubble bedformation by cladding failure due to embrittlement(Rig, 15), In all cases 
an almost complete loss of the original core geometry takes place. An important 
question in these accidents is whether the post-accident heat can be removed 
from the rubble bed, 
7. Summar~ 
This paper described the onset of fuel rod failure for different LWR accident 
and transient sequences. The results also apply to heavy water reactors (e.g., 
Artucha, Candu). Most of the PCM, RIA, LOCA, and ATWS research has been com-
pleted, but as a consequence of the TMI-2 accident, additional severe fuel 
darnage investigations have been initiated, All research contributes to even safer 
reactors by giving vendors and utilities a better knowledge of failure limits 
and failure consequences. 
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Fig. 13: Post test neutron radiography of rods with a burnup of 20 000 W~d/ 
tu /6,13/ 
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~. LIQUID METAL FAST BREEDER REACTOR FUEL ROD BEP~VIOUR 
UNDER NORHAL CONDITIONS 
1. U1FBR Fuel Rod Haterials 
The extensive experience with the thermal reactor core materials has pro-
vided the basis for liquid ~etal ~ast ~reeder ~eactor (LMFBR) core materials 
development. However, the LMFBR fuel system must survive a much more hostile 
environment than the LWR fuel system with respect to temperature and fast 
neutron fluence. Typical fuel rod powers of 40 to 90 kW/m (compared to a 
maximum of ~ 40 kW/m in LWRs) yield fast neutron fluences of ~ 2 x 1027 
2 
n/m (E > 0.1 HeV), or ~ 90 dpa, with maximum cladding temperatures of the 
order of 920 K (Fig. 1). Thesemore extreme conditions are manifested in 
more profound chemical and microstructural changes in the fuel and cladding 
for instance, neither fission gas release approaching 100 % nor void swelling 
of cladding are observed in LWR fuel rods, but they are normal occurrences 
~n some LHFBR fuel systems and must therefore be accounted for in design. 
The current choice for a fuel system to cantend with this environment is 
a uranium oxide, 25 ± 5 wt.% plutonium mixed oxide fuel, and austenitic 
stainless steel cladding. Both pellet (solid and annular) and packed particle 
(Vipac, Spherepac, etc.) fuel types have been seriously considered for the 
mixed oxide, and various stainless steels (types 304, 316, 1.4970, 1.4988, 
ferritic SS). 
2. Hixed Oxide Fuel Behaviour 
Because of the higher power rating (40 to 60 kw/m) and corresponding higher 
fuel centerline temperatures, and higher burnups (> 8600 GJ/kgH) planned 
for fast-breeder fuels compared to LWR fuels, more attention has been 
focused on temperature gradient effects, such as development of microstruc-
tural and compositional gradients, and their influence on fuel temperature, 
fuel swelling, and fission product release. 
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Figure 2 illustrates the effects of the more extreme LMFBR thermal con-
ditions. Exaggerated grain growth results from the dragging of grain 
boundaries as the as-fabricated pores move up the temperature gradient 
by a vaporization/condensation mechanism. This effect leads to the for-
mation of a zone of columnar grains. Subsequently, the fission gas pro-
duced in the fuel pellet migrates to the grain boundaries, diffuses 
through the columnar grain boundaries, and, eventually, is released to 
the central void that has formed by the earlier porosity migration. 
The extent to which this fuel restructuring occurs is, of course, deter-· 
mined by the fuel rod power level and, hence, the fuel temperature and 
temperature gradient. In at least 20 % of the core, the initially uniform, 
solid mixed oxide fuel pellet transforms to what is essentially a struc-
ture consisting of three zones, i.e., outer unrestructured; equiaxed, 
higher density; and fully dense, columnar zones, and an annulus. 
This thermal effect is also manifested in oxygen diffusion and measureable 
segregation of plutonium and uranium atoms in these fuels. With respect to 
the former, oxygen diffusion can either be down or up the thermal gradient 
depending on whether the fuel is, respectively, hypo- or hyperstoichio-· 
metric; regardless, an 0/M gradient is established in the fuel pellet. 
Plutonium segregation typically results in a local concentration increase 
of 35 to 50 % at the central-void edge, and no segregation is observed when 
a central void is not formed. This effect is important because the maximum 
allowable power level is constrained by the linear heat rating to incipient 
melting (typically 11 power-to-melt 11 is 'V 60 kW/m at startup) and therefore 
segregation of fissile material toward the fuel centerline will lower the 
allowable power. 
Fission gas relase from LMFBR fuels basically follows the same kinetics as 
for thermal reactor uo2 when appropriate corrections are made for different 
diffusion coefficients and fuel temperatures. Mechanistic models for gas 
release in uo2 and mixed oxide fuels are generally identical and provide 
reasonable predictions of the observed behaviour. High gas release in 
LMFBR fuel (100 % at 6910 GJ/kgM) is accommodated in the large plenum 
provided in the fuel rod. 
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The correlation between fuel swelling and available initial fuel porosity 
is also sufficiently well developed so that suitable fuel densities (of 
the order of 89 to 91 % TD) can be specified and fabricated to accommodate 
fission-product swelling without gross distortion of the cladding to design 
burnups. 
Two types of fuel-cladding chemical reactions have been identified; the 
first is uniform oxidation (matrix attack) of the stainless steel, which 
results in a general decrease in the thickness of the cladding: the second 
involves the intergranular penetration by oxygen and fission products along 
the grain boundaries in the cladding. l1atrix attack rarely exceeds a depth 
of 50 ~, however, intergranular attack, which is nonuniform in depth and 
sporadic in occurrence, may penetrate the entire thickness of the cladding. 
Nevertheless, it must be noted that no cladding failures have been attri-
buted to this type of attack. 
Fission products play important roles in fuel-cladding chemical interactions. 
Cesium is universally observed in the attack region and is usually associated 
with chro]J1ium from the cladding. Iodine is observed almost as frequently 
and is generally associated with cesium. Tellurium is observed less fre-
quently, and numerous cladding attack regions have been observed in which 
tellurium has not been detected. The role of fission products in cladding 
attack has been extensively investigated in out-of-pile experiments, which 
show the cladding attack readily occurs in the presence of one or more of 
the following: cesium (in the presence of oxygen), Cs 2o, CsOH (liq.), 1 2 
and Te. If oxygen is not present, cesium is unreactive toward stainless 
steel(Fig. 3). The fuel and the remaining fission products do not promote 
intergranular attack separately or tagether (Fig. 4). 
The cesium attack of stainless steel is controlled by the oxygen partial 
pressure in the fuel rod and the cladding temperature and most, importantly, 
the local temperature difference between the outer surface of the fuel and 
the ~nner surface of the cladding. Fuel 0/M values near 2.0 and cladding 
temperatures above ~ 810 K favor formation of cesium chromate; therefore, 
current practice is to utilize mixed oxide fuels with 0/H in the range 1.94 
to 1.97, which results in a fuel surface O/M of less than 2.0 and keeps the 
fuel-cladding attack below ~ 20 ~m at end of life (Fig. 5). 
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A long-terrn developrnent thrust in this area is to either utilize lower 0/M 
fuels (e.g., <1.94) or oxygen buffer/getter rnaterials in the fuel rod. Fuel 
having an O/M of 1.90 and four different buffer/getter rnaterials (V, Nb, Cr, 
Ti), incorporated either as coatings on the pellet surface, as layers at 
pellet-pellet interfaces, or as coatings on the cladding inside surfaces. 
Both approaches proved effective in reducing attack. The löw 0/M fuel ex-
hibited no attack after 4320 GJ/kgM burnup, and two fuel rods .with Nb and 
Cr noatings have successfully reached a peak burnup of 8640 GJ/kgM. 
One potential problern with very low 0/M fuel is the increased rnobility of 
cesiurn within the fuel pellet colurnn. Axial rnigration of cesiurn to the 
colder ends of the fuel colurnn can be as detrirnental to fuel rod perforrnance 
as is radial rnigration to the fuel-cladding gap, prirnarily because cesiurn 
will react with the uo2 insulator pellets, forrning the larger-volurne Cs 2uo4 , 
which locally strains the cladding. Additionally, the insulator pellets 
rnight fragrnent, and the central void rnay becorne restricted. Therefore, 
ideally one should choose a fuel 0/M that would avoid both excessive radial 
and axial cesiurn migration-in other words, "tie up 11 the cesiurn in the fuel 
pellets. To assist in this goal, cesiurn buffers are also being tested, Ti02 , 
for exarnple, when added to fuel reacts with cesiurn and avoids the forrnation 
of Cs2uo4 • Also, it is possible that the niobiurn, used as an oxygen getter, 
also acts as an efficient cesiurn getter once it is oxidized to the + 5 
valence state. 
Despite the extra fuel swelling expected frorn fission gas bubble accurnulation, 
the rnechanical interaction between fuel pellet and cladding was considered to 
be less irnportant than the chernical interactions because of two conteracting 
phenornena: first, stainless steel cladding is known to swell (increase specific 
volurne and, hence, diarneter) with increasing fast fluence; second, the plasticity 
(creep rate) of the rnixed oxide is increased over uo2 by the deviation frorn 
stoichiornetry that results frorn the addition of plutoniurn (20 wt.% Pu02 results 
in stoichiornetries of 1.94-1.97), the plutoniurn content itself, and the higher 
fuel temperatures. As rnore data have been collected, however, at the higher 
burnups it has been shown that fuel swelling can overtake cladding swelling 
and that significant cladding hoop stresses can be generated. Also fission 
product accurnulation in the fuel-clad gap can contribute significantly to 
cladding strain. 
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Since oxygen activity appears to be a necessary condition for the occurrence 
of intergranular attack, its control in situ during burnup of the mixed 
oxide fuel rod is a useful means of preventing intereranular attack parti -· 
cularly late in the burnup period where fission product concentrations 
are highest and oxygen activity is at its peak. The oxygen activity in the 
fuel pin may be controlled by inserting a material which has a strenger 
affinity for oxygen than the cladding constituents (i.e., chromium). Several 
materials are suitable for this purpose, and the choice and placement of 
such depends on many factors other than chemical affinity. 
Figure 6 shows the oxidation potential of several materials as a function 
of temperature. Similar relations for typical mixed oxide fuel compositions 
are superposed. The materials which have oxidation thresholds below that 
shown for stainless steel are useful as oxygen absorbers. Same Tiaterials 
have potential capable of reducing the oxide fuel to the metal. This occur-
rence need not happen, however, if the temperature is low and the oxygen 
absorber is present in limited quantities. Zirconium and titanium are known 
to react with uo2 and produce a metallic phase cantairring uranium above 
1200°C. The mixed oxide phase has a wider stoichiometry range than the uo2 
which should reduce the possibility of such a reaction. Niobium and tantalum 
have high melting points and do not form uranium alloys. Niobium has three 
oxidation states, NbO, Nbo2 and Nb2o5 - which are stable with respect to 
cladding oxidation. Pure chromium metal also will prevent cladding oxidation 
since its affinity, although close, is strenger than chromium dissolved in 
the stainless steel. 
An absorber may be located at a position where the temperature is different 
from the fuel or from the hattest part of the cladding. In such cases the 
lower the absober temperature, the greater is its affinity for oxygen relative 
0 to the fuel. For instance, niobium oxidation at 650 C to Nb 2o5 can reduce 
fuel at 900 to 1.97 and at 1500 to ~ 1.91. The variation in oxygen potential, 
ßGo2 , with stoichiometriy of the fuel at 800°C is hown in Figure 7. Oxidation 
potentials for niobium and chromium as well as oxygen potentials for several 
fission products are indicated relative to stainless steel. 
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3. Cladding Behaviour 
Production of defects in metals by fast neutron irradiation rnay lead to 
enhanced creep (from enhanced diffusion), grain matrix hardening (from 
the combined "barrier" action of defect clusters and voids), grain boun-
dary embrittlement (from helium bubbles), and, swelling (again from voids). 
It is therefore considered that fuel assembly lifetime might be limited 
either by the strength and ductility of the fuel·-rod cladding. 
The principle cause of ductility loss in stainless steel at high temperatures 
(>820 K) is helium embri ttlement. To reiterate, this is the formation of 
helium from n,a reactions and subsequent migration to grain boundaries 
and growth of bubbles under applied stress. An increase in grain-boundaries 
helium concentration is manifested in a reduction in uniform and total 
creep and tensile elongation, and as a reduction in stress rupture life. 
In addition; irradiation also introduces the possibility of crack pro-
pagation through locally heavily deformed regions in the matrix. This is 
the so-called "channel fracture" mechanism. 
The fracture map 1n Fig. 8 shows the various fracture fields, and it can 
be seen that the intergranular fracture field covers a significant portion 
of the fuel-cladding operating regime. Channel fracture would be expected 
only at high stresses, but such locally high stress concentrations could 
develop in a PCI situation, as hypothesized for UJR fuel. 
Important for fuel rod design strain limits is the fact that ductility does 
not approache zero but saturates at a low (1-2 % strain) but manageable value 
for normal operating conditions. Only in cases where specimens are fractured 
at significantly higher temperatures than at which they were irradiated 
- to simulate an off-normal temperature excursion, for example - did fracture 
strains fall to dangerously low levels of < 0. I %. The low ductility found 
in these tests has not resulted in a reduction in fuel rod life, however, 
since load-bearing capacity remains sufficiently high to meet goal lifetime 
requirements. 
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4. Fuel-Cladding Mechanical Interactions 
Deleterions chemical interactions between fuel and cladding (FCCI) were 
observed. As shown in Fig. 5, significant cladding wastage is possible in 
current-design LMFBR fuel rods. This corrosion of austenitic stainless 
steel cladding by fission products degrades the mechanical properties 
and contributes to the reduction in life of cladding alloys. The strength 
reduction can be quantitatively explained by assuming that the effect of 
grain-boundary penetration is equivalent to the reduction in the tube-wall 
thickness of the specimen. As noted earlier, however, cladding ID corrosion 
can be minimized (a) with hypostoichiometric fuel, artd (b) by maintaining 
cladding temperatures below ~ 810 K, (c) by using oxygen absorber in the 
fuel rods (Chapter 2.2.). 
Only recently has the potential for significant mechanical interactions 
(FCMI) emerged, as a result of more detailed analyses of fuel rod di-
mension changes during irradiation. The masking effect, of course, is the 
cladding swelling phenomenon, which causes dilation of the cladding in the 
absence of stress. In fact, in the reference design considerations it was 
estimated that a combination of cladding swelling and low fuel smeared 
densities would preclude any significant FCMI. However, with the trend 
to higher smeared densities and low-swelling cladding to improve burnup 
and breeding gain, the concerns about FCMI phenomena have reemerged. 
Figure 9 indicates that the influence of fuel smear density (i.e., fuel 
pellet density and fuel-cladding gap size) on cladding strain is observed 
well before the start of significant cladding swelling, i.e., below 
26 2 9500 GJ/kgM burnup and fluence levels below 6 x 10 n/m (E > 0. I MeV). 
Fission gas pressure effects alone would only account for relatively small 
strains (0. I to 0.3% at 8640 GJ/kgM burnup). However, mechanical strains 
of up to I % have been achieved without cladding failure. Locally high 
cladding stresses might be caused by accumulation of cesium at the fuel·· 
cladding interface. 
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Although it is apparent that steady-state FCMI effects have not given 
rise to cladding failures, the FCMI stress level rnay have significant 
effects on the rnargin to failure in subsequent overpower events. Fuel 
rod failures were generated by power increases in the range of 20 to 
100 %. Calculated cladding deforrnations for the failed rods were 0.5 
to 0.9 %, in cantrast to 0.08% for the unfailed rod. In the analytical 
studies, the LIFE-III code was used to assess cladding loads during a 
slow overpower event ( a 10% power increase over a one-hour period). 
Figure 10 surnrnarizes the results, which indicate significant cladding 
stresses and strains. 
The trend to higher fuel srnear densities and low-swelling cladding alloys 
(ferritic. SS) will accelerate the onset of fuel-cladding interaction. 
5. External Cladding Gorrasion 
Sodiurn influences the structure and cornposition of the stainless steels in 
two irnportant ways. First, sodiurn preferentially leaches out the chrorniurn 
and nickel frorn the steels, with the latter being responsible for conver-
sion of the original austenitic phase to ferrite. A 10·- to 20-~rn-thick 
ferrite layer forrns at the outside cladding surface. Second, the transfer 
of interstitial elernents, in particular carbon, in the liquid sodiurn/ stain-
less systern can result in either carburization or decarburization of the 
steel, depending on the ternperature and carbon activity (i.e., concentration) 
of the sodiurn. In cantrast to fission product attack which is predorninantly 
intergranular, external corrosion due to sodiurn is uniform. In general, the 
corrosion rate for Types 304, 316 and 1.4970 stainless steel reaches a 
steady-state value after an initial period of rapid rnetal lass. The steady-
state corrosion rate increases exponentially with ternperature and linearly 
with oxygen content and sodiurn velocity up to ~ 3 rn/s. The corrosion rate 
becornes independent of velocity at the higher values. The corrosion rate 
correlations for Type 316 stainless steel that are used for design calcula-
tions of fuel rod wall thinning in the L1~BR are shown in Fig. I I. These 
empirical relations refer to steady-state corrosion rates determined at 
locations of rnaxirnurn corrosion, i.e., rnaxirnurn upstrearn position. The down-
stream or positional effect, rnetallurgical condition of the material (annealed 
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or cold-worked), and minor variations ~n the nickel, chromium, niobium, 
or titanium contents of the stainless steels have relatively little in·· 
fluence on the corrosion rates in comparison with the temperature, oxygen 
content, and velocity of the sodium. The carburization/decarburization and 
the sodium leach-out-phenomena can both influence the mechanical properties 
of stainless steel, but all indications are that these effects are of minor 
significance to cladding integrity. For instance, the ferrite layer is typi-
cally included in the overall cladding wastage allowance (i.e., it is 
treated simply as a reduction in load-bearing capacity), and the effects of 
carburization/decarburization on important cladding creep and strength para-
meters are small (< 10 %) compared to the effects of irradiation, and are 
included implicitly in the "safety factor" applied to the design curves. 
Coolant corrosion is not considered a limiting factor in the performance 
of LMFBR fuel. 
6. Summary 
In a LMFBR fuel rod more profound chemical and microstructural changes take 
place in the fuel and the cladding due to the higher temperatures, the 
fast neutron fluence, and the higher burnup compared to a LwR fuel rod. 
In oxide fuels the nuclear fission causes an increase in the oxygen poten-
tial in the pin, as the fission products formed bind less oxygen than is 
released. Above a critical oxygen potential, oxidation of the claddin~ 
takes place which is accellerated by the fission products, especially by 
cesium. This is very dangerous, as it can take place preferentially along 
the grain boundaries of the cladding material. However, the initial fuel 0/11 
ratio cannot be selected so low that it can prevent the dangeraus Cs reac-
tions with the steel cladding at high burnups also. In oxide fuel pins, there-
fore, strong chemical interactions with the cladding material can only be 
prevented by the use of getter materials in the fuel pin, which getters 
(absorbs) the excess oxygen and some of the reactive fission products. 
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Under steady-state condition cladding failures are acceptable small. 
However, fuel cladding failure can occur by strong power increases due 
to mechanical interactions between the fuel and the cladding. 
Sodium Coolant corrosion of the stainless steel cladding ~s not a 
limiting factor in the performance of LMFBR fuel rods. 
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0, LHFBR FUEL ROD BEHAVIOR UNDER OFF-N0~1AL CONDITIONS 
I. General Considerations 
Fuel effects enter into fast reactor safety considerations many ways, with 
important effects in events over the full spectrum of severity rauging from 
operational transients to hypothetical core disruption accidents (HCDAs). At 
the less severe end, the behavior of the fuel relative to normal failures 
and its response to abnormal operational transients is of key importance. In 
more severe accidents, fuel behavior has key importance in accident ener-
getics and debris coolability. 
The principal goal of the designer of fast reactor fuel elements (but also 
for LWR fuel rods) lS to ensure that goal burnup can be achieved without an 
unacceptable nurober of fuel pin failures. There is a safety incentive in 
minimizing or eliminating failures ln normal operation. First, failure of 
cladding represents failure of one of the barriers to fission product re-
lease. Second, release of fission products from failed fuel will create 
an additional source of radiation exposure to plant personnel during opera-
tion and maintenance. Third, fuel failures represent a local fault with a 
potential for propagation into more widespread fuel disruption. 
Reliable systems for removal of decay heat following shutdown must be pro-
vided. Should decay heat not be removed, the core will eventually melt. 
While the fuel behavior under normal operation and off-normal transients, 
with and without cladding breach, and fuel behavior during loss-of-shutdown 
heat removal are important problems, the most important fuel behavior con-
cerns are associated with unprotected transients potentially leading to core 
disruption and significant energy release. Fuel behavior, especially fuel 
dynamics effects related to reactivity, is a crucial issue in core disruptive 
acc.idents. Fuel behavior determines wheter the accident remains small and 
self limiting or whether it progresses, perhaps leading to full core disruption 
and then possibly to energetic disassembly. Because of the important reactivity 
effects, fuel behavior considerations in fast reactors significantly differ 
from those of light water reactors. It is necessary to know in considerable detail 
the motion of the fuel to a degree not required in light water reactor con--
siderations. 
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In addition to reactivity, the major fuel disruption effect relates to the 
Coolability of the core. Should significant core disruption occur, the fuel 
behavior to a considerable degree determines the debris behavior. It esta-
blishes whether the core debris can be cooled in place or whether containment 
integrity is threatened. 
2. Fast reactor accident seenarios 
Fast reactor accidents generally may be placed into one of three categories 
- transient undercooling 
- transient overpower 
- local faults 
Transient undercooling would include such initiators as pump coastdown, with 
and without scram, and loss of shutdown heat removal. Transient overpower 
would include various reactivity insertions, with and without scram. Local 
faults includes fuel pin failures, flow blockages, local cooling faults or 
debris accummulations, and the like. 
In general, so long as the scram systems are assumed to work as designed, 
the transient undercooling and overpower accidents are quite benign in their 
effects on intact fuel. There is, of course, an issue with respect to fuel 
performance that is, to what extent is the fuel lifetime shortened or the 
probability of failure increased due to the transient. Evaluation of darnage 
to fuel from operational or anticipated transients involves considerations 
of fuel-cladding mechanical interaction, fission-gas release, cladding 
response to loading and temperature, and cladding failure criteria. 
Should the scram system fail to terminate an undercooling or overpower 
transient, some degree of core disruption is inevitable, because the only 
means of rendering the reactor permanently subcritical is by redistribution 
of fuel to a less reactive configuration. Generally, removal of some amount 
of fuel from the core region will be required. 
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3. The loss-of-flow without scram accident (LOF) 
The postulated LOF accident sequence begins with a coastdown of the main 
coolant flow coupled with failure of the scram systems. During flow caost··-
down, there will be reactivity changes due to sodium density decrease. 
Doppler feedback, axial expansion of fuel, and possible grid plate expansion 
or relative motion of fuel and control rods. While it appears to be possible, 
~n a properly designed system, to obtain sufficient negative reactivity 
feedback to avoid boiling, boiling will occur in the general case. 
A typical LHFBR core will have a positive sodium void coefficient of reactivity, 
so boiling will produce a power rise and additional voiding. Reactivity in~ 
sertion from boiling will be counteracted by axial expansion of fuel and by 
Doppler feedback. Cladding will melt and may be removed from the core due 
to hydrodynamic forces, producing an additional positive reactivity insertion. 
Fuel dispersal in voided channels is a key brauch point in the LOF accident 
sequence. If the fuel motion is such as to remove reactivity with a sufficient 
rate and magnitude, the accident will be non-energetic, at least in the initi-
ating phase. Permanent subcriticality would require that fuel be removed well 
beyond the subassembly boundaries so that it could not return to the core. 
A list of the most important fuel-related phenomena ~n alaysis of the loss of 
flow without scram accident includes: 
- Axial expansion of solid fuel. 
- Early fuel dispersal in voided channels. 
- Fuel pin failure and fuel motion in unvoided channels ~ elevated 
power and reduced flow. 
- Freezing and plugging of flow channels by fuel. 
- Boil-up of malten fuel-steel mixtures. 
- Fission product and fuel vapor effects in disassembly. 
The status of knowledge of these phenomena will be assessed ~n chapter 5. 
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4. The transient overpower without scram accident (TOP) 
The other accident to which major attention has been focused in fast reactor 
safety and licensing is the transient overpower without scram. It is assumed 
that a reactivity input of prescribed magnitude is introduced and not termi-
nated by scram systems. The reactivity addition produces a power rise which 
eventually results in fuel pin failures in some subassemblies. Pin failures 
typically occur without coolant boiling, but with substantial fuel melting. 
It is thought that cladding failure will occur somewhat above the core mid-
plane, and that malten fuel will move from the interior of the failed pins 
into the channel. Relocation of fuel from the pin to the failure site, along 
with subsequent dispersal in the channel is a mechanism for producing per-
manent subcriticality. Since the heat removal capability of the system is 
not compromised, the accident is terminated so long as the damaged a~semblies 
are coolable. Generally, sweepout of malten fuel in the channel will enhance 
the negative reactivity effects and promote coolability. Freezing in place 
would have the opposite effect. 
The fuel~related phenon1ena encountered in transient overpower without scram 
accident analysis are confined to the initiating phase. They are: 
- Prefailure axial motion of malten fuel. 
- Fuel pin failure and fuel motion in unvoided channels - elevated 
power and full flow. 
The status of knwoledge of these phenomena will be addressed in the next 
chapter. 
5. Fuel behavior phenomena in fast reactor accidents 
Axial expansion of solid fuel during the early stages of an LOF accident 
can materially contribute to the total negative reactivity feedback, thereby 
reducing the net reactivity later in the transient. During the flow coastdown, 
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the power remains essentially constant and cladding expands away from the 
fuel. Later in the transient when void reactivity drives the power up, the 
fuel will again contact cladding. Two extreme conditions seem possible 
free standing fuel and fuel and cladding locked together. 
It has been postulated that axial motion of malten fuel within intact 
cladding could provide a mechanism for shutdown of a TOP transient without 
cladding failure, thereby removing post-transient coolability as an issue. 
This mechanism is of particulail interest in cores having annular pellet fuel, 
since a clear path would probably exist for fuel ejection to the plenum. 
Early fuel dispersal in voided channels is a central issue in evaluation of 
the initiating phase of the LOF accident. If early dispersal can be shown to 
be effective in producing permanent shutdown and if decay heat removal capa-
bility is intact, the LOF can be terminated without the need to consider 
either a transition phase or disassembly. 
Important factors in the timing of fuel disruption and the nature of the 
disrupted fuel include the thermal history, (temperature, radial temperature 
distribution, time at temperature) of the fuel pin segment, the character of 
the fuel (burnup, irradiation power, level), and the nature of any restraint 
to disruption (presence of cladding, etc.). Disruption can be characterized 
as a thermal-mechanical process, in which macroscopic effects such as melting 
and cracking, as well as microscopic effects such as fission gas release, 
intergranular void formation, and grain boundary separation are likely to be 
important. 
Once the fuel disruption process has begun, axial displacement of the mobile 
fuel can also begin. The displacement process appears to be basically hydro-
dynamic in nature, depending upon momentum exchange between expanding fission 
gas, streaming steel and/or sodium vapor, and mobile fuel to produce axial 
motion. 
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A number of different fuel disruption modes are possible. It is difficult 
to generalize with respect to a preferred mode without knowledge of the 
details of thermal history, fuel character, etc. At this time, it is thought 
that the most likely fuel disruption mode for lead subassemblies would 
involve a mixture of molten fuel, fission gas, and solid fuel fragments 
which have undergone some degree of swelling or grain boundary separation. 
Following disruption, the mixture will be propelled upwards by pressure 
gradients resulting from expanding fission gas, sod1um vapor, and steel 
vapor streaming until stopped by a cladding blockage or fuel freezing and 
plugging in the bundle outlet. 
Fuel pin failure and fuel motion in unvoided channels is an important issuel 
1n both LOF and TOP accident sequences. In the LOF sequence, primary inter~st 
is focused on low power fuel, failing under a rapid, high power transient 
with reduced flow in the subassembly of interest: In the TOP sequence, the 
focus is on high-power fuel subjected to excessive power, but with full 
subassembly flow. The transient may vary from a quasi-steady-state power rise 
with a period of several tens of seconds to a more rapid rise with a period 
of less than a second. The differences in the power and flow histories will 
influence parameters such as cladding temperature and its axial variation, 
fuel temperature distributions, fuel-cladding mechanical response, and hydraulic 
aspects of molten fuel-coolant interaction in the channel in important ways. 
However, the basic considerations are essentially the same in both scenarios. 
These include loading of the cladding by fuel and fission gas, eventually 
producing cladding failure, motion of fuel from within the pin into the coolant 
channel, interaction of the released fuel with sodium coolant, and motion of 
fuel and coolant following fuel release. 
Determination of the time, location, and nature of cladding failure involves 
a complex thermal-mechanical calculation of the loads placed on the cladding 
by the fuel and the response of cladding to these loads. Important factors in 
the calculation include: 
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- Radial and transverse cracking of relatively low temperature fuel. 
- Non-elastic behavior of high temperature fuel, including plastic 
deformation, fission-gas-induced swelling, and hot-pressing of 
residual porosity. 
Fuel melting, with accompanying volume expansion and liberation of 
retained fission gas. 
- Cladding mechanical respause to loading, including effects of 
irradiation on mechanical properties. 
- Cladding failure criteria, including effects of loading, time, 
temperature, irradiation, and chemical (fission product) environment. 
Failure ~s thought to be more localized in the TOP sequence, with fuel motion 
towards the failure and into the channel. Subsequent fuel motion will depend 
on the balance between inlet pressure, pressure in the interaction zone, fluid 
momentum, and fuel freezing. Expansion of the interaction zone will eject sodium 
from the channel with relatively little fuel motion in the channel. Location of 
failure is especially important in this case. 
In order for fuel to be removed from the core, it must traverse restrictive 
flow passages above and/or below the core. This is a complex problern of flow 
of a material (fuel) which will be freezing on the walls of the flow passage, 
while at the same time melting the steel walls under the frozen steel crust. 
A complication is the possible presence of sodium film on the steel and con-
tact between fuel and bulk sodium with consequent pressure generation. Typically, 
experimen ts shov7 that a large mass of malten material can be relocated into 
pin bundle flow passages, but that freezing and plugging does take place. 
Clean sweepout of fuel beyond the bundle has not been generally observed. How-
ever, the presence of sodium has not resulted in flow reversal which would 
imply fuel reintroduction, either. 
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In addition to freezing and plugging, pool boilup represents a key phenomeno-
logical issue of the transition phaseJt is postulated that a mixture of fuel 
and steel will boil up promptly as the fuel becomes malten. For a system con-
sisting of oxide fuel and stainless steel, the boiling point of the steel is 
nearly equal to the melting point of fuel, so that dispersive forces due to 
vapor will be available as soon as fuel can move. The density of the fuel-
steel mixture will be less than that of the core, and will ensure subcriti-
cality so lang as the pool remains in a dispersed state. Important considera-
tions in this analysis include flow regime modeling, phase transitions, energy 
exchange between fuel, steel, and system boundaries, and stability of boiling, 
heat-generating pools under open and bottled-up conditions. 
6. Summary 
Fuel behavior phenomena can importantly affect the course of fast reactor 
accident sequences in a variety of ways. In postulated lass of flow and over-
power accidents without scram, these phenomena include time and location of 
failure, reactivity associated with fuel motion both early and late in the 
transients, the effects of fuel disruption on core coolability, and the po-
tential for fuel recompaction phenomena. 
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El material y la seguridad nuclear: el accidente de fusi6n 
del nucleo 
Sumario 
La fusi6n del nucleo resulta de p~rdidas de refrigeraci6n 
durante el funcionamiento de un reactor nuclear. 
Los problemas de materiales ligados a un accidente de fusi6n 
del nucleo pueden resumirse en dos grupos: 
primero se refiere a la estructura de las fases y componentes 
y el segundo a sus propiedades en cada una de las etapas del 
desarrollo del accidente. Los resultados esenciales obtenidos 
hasta ahora son que 
- los fen6menos de fusi6n del nucleo son bifasicos durante 
la mayoria deltiempo en que se desarrolla el accidente, 
- la fase oxidica de los materiales fundidos del nucleo se 
compone de (U, Zr)o2 , mientras que la fase metalica tiene 
una composici6n semejante a la del acero, 
- los elementos de la fase metalica se oxidan en el 6rden 
Cr-Fe-Ni y se convierten en la fase liquida de 6xido, 
- los productos de fisi6n estan repartidos heterogeneamente 
en las fases, donde al principio la mayoria de ellos, y 
mas tarde todos excepto los metales preciosos, estan disuel-
tos en la fase liquida oxidica, 
- la fase liquida oxidica del corio disuelve el hormig6n que 
funde, mientras que su temperatura de solidificaci6n baja, 
- las fases liquidas oxidicas con componentes disueltos de 
hormig6n y la fase liquida metalica de corio se segregan, 
estando la fase metalica bajo la fase de oxido, 
- varias caracteristicas de las fases liquidas de materiales 
fundidos del nucleo pueden determinarse aproximadamente 
por extrapolaci6n de calculos basada en experiencias y por 
extrapolaci6n grafica. 
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1. El desarrollo del accidente de fusi6n del nucleo 
1.1 El sistema 
Cuando el sistema de contenci6n de p.ej. un reactor de agua 
a presi6n (fig. 1) se considera como sistema termodin~mico, 
su estado esta determinado por sus magnitudes de estado, a 
saber: 
- la concentraci6n de sus componentes determinada por las 
estructuras internas del nucleo, 
- la temperatura que esta dada por el calor de fisi6n o el 
calor residual, 
- la presi6n que esta dada por la atm6sfera de vapor de agua 
presente. 
La parte de los componentes que proporciona el "calor resi-
dual" es el combustible - fisionable - del reactor nuclear 
que esta dentro de agujas de combustible reunidas en elemen-
tos combustibles (fig. 2). 
Una parte de los nucleos nuevos mas ligeros que se forman 
durante la fisi6n de un nucleo pesado dentro de un reactor 
nuclear (los productos de fisi6n, ver fig. 3) y tambien los 
,. 
nucleos nuevos que se forman por captura de neutrones (los 
productos de activaci6n) son radiactivos; es decir que se 
desintegran y se transferman en nuevos tipos de nucleos (los 
productos de desintegraci6n). Con esto, se emiten por una 
parte rayos radiactivos (rayos a, ß, y), por otra parte se 
produce en esta desintegraci6n en cadena aquel "calor de 
desintegraci6n" cuyo rendimiento termico residual tanto como 
la radiactividad de todos los elementos combustibles en el 
nucleo del reactor disminuye primero rapidamente, y entonces 
mas y mas lentamente, proporcionalmente a la desintegraci6n 
exponencial de todos is6topos radiactivos (con periodos de 
semidesintegraci6n cortos y largos (ver fig. 5). 
"" 
Sistema de 
refrigeracion 
de emergencia 
tanque de refrigeracion 
del calor residual 
fig. 1: Esquema de un reactor de agua a presion 
N 
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fig. 2: Elemento combustible de un reactor de agua 
a presi6n 
neutron ~0 
termico 
U-235 
' ~ 
fig. 3: La fisi6n nuclear (esquema) 
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Con el aumento del tiempo de funcionamiento de los elementos 
combustibles en el reactor aumenta el calor residual, porque 
con esto aumenta tambien el numero de los nucleos de produc-
tos de fisi6n producidos a partir de la parte fisionable del 
combustible. Para un reactor moderno de agua a presi6n 
(600 MW de potencia electrica bruta, 2,5 anos de funciona-
miento), el calor residual corresponde algunos minutos 
despues de la interrupci6n de la fision nuclear a 100 Mega-
watt, y despues de algunos meses quedan aproximadamente 
20 Megawatt. Esta potencia termica basta - sin6 fuese 
evacuada de una manera adecuada a traves de circuitos de 
refrigeraci6n - para evaporar toda el agua contenida en el 
circuito primario dentro de algunas horas, lo que tiene como 
consecuencia un cambio dramatico en funci6n del tiempo, de 
las magnitudes de estado mencionadas del sistema y con esto 
un estado inestable del sistema: El accidente de fusi6n del 
nucleo del reactor. 
Las condiciones extremas bajo las cuales podria ocurir tal 
accidente excluyen su estudio dentro de un ensayo integral 
real. Para describir su desarrollo con el tiempo se han por 
lo tanto elaborado modelos de simulaci6n que describen sobre 
todo el cambio de la temperatura como variable de estado 
central en funci6n del tiempo. Estan basados generalmente 
en hipotesis pesimistas y constituyen representaciones 
inexactas de la situaci6n real o representaciones exactas 
de un modelo irreal, es decir en todos los casos son aproxi-
maciones. 
El desarrollo de un accidente de fusi6n del nucleo del reac-
tor puede subdividirse en los periodos siguientes: 
- disparo del accidente, 
- calentamiento y fusi6n total del nucleo del reactor, 
explosi6n de vapor y evaporaci6n del agua residual, 
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penetraci6n de material liquide en la vasija de presi6n 
del reactor y liberaci6n de productos de fisi6n arrastrados 
en aire o vapor (aerosoles), 
- penetraci6n de material liquide del nucleo del reactor en 
el hormig6n. 
Sobre 
1.2 el disparo del accidente se hace la hip6tesis pesimista 
que en un reactor de agua a presi6n con 4 circuitos primarios 
una de las tuberias de vapor se rompa y que sus dos extremida-
des esten completamente desacopladas hidrodin~micamente. El 
circuito primario de refrigeraci6n (presi6n de agua 160 bar) 
se descarga de repente. Una onda de descargas de presi6n sera 
inyectada en la vasija de presi6n. A este fen6meno de des-
carga de presi6n los expertos lo llaman "Blowdown" (laminado). 
Despues de aproximadamente 6 segundos, la mitad del fluido 
primario ya se ha escapado. La presi6n ha igualmente disminui-
do hasta aproximadamente la mitad. El vapor que entra en la vasija 
de contenci6n como un chorro hace aumentar la presi6n 
alli; pero no proporcionalmente a la masa de vapor, porque 
una gran parte del vapor se condensa en las paredes y estruc-
turas de la vasija de contenci6n y sale en forma de agua 
al sumidero del edificio del reactor. Despues de medio segundo 
aproximadamente, debido a la caida de la presi6n del circuito 
primario se dispara la parada de emergencia. El blowdown esta 
terminado despues de 17 segundos aproximadamente. 
En la vasija de contencion existe entonces la presi6n 
maxima (aprox. 4,5 bar para 130 °C). A continuaci6n dismi-
nuira otra vez. Durante este tiempo dos elementos combustibles 
del reactor son refrigerados por la mezcla gotas de agua/ 
vapor del agua primaria que sale. Pero esta refrigeraci6n no 
basta para evacuar completamente el calor residual de los 
elementos combustibles. Por consiguiente las vainas se calien-
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tan (de inicialmente ~600 K a ~1100 K despues de 17 segundos). 
Al final del blowdown varios (p.ej. 8) de los llamados 
acumuladores comienzan inyectar agua boricada (en total 250 m3 ) 
en los circuitos primarios (4). Este fluido esta mezclado con 
boro, porque los nucleos at6micos de este elemento absorben 
particularmente bien los neutrones. Oe este modo se evita que 
en el combustible puedan fisionarse otros nucleos. El agua 
de los acumuladores no basta todavia para mojar de modo per-
manente el nucleo de reactor con agua. La evacuaci6n del calor 
residual sigue haciendose por vapor y cada vez mas tambien por 
radiaci6n termica. Las vainas de la agujas de combustible mas 
calientes se ponen al rojo blanco (~1300 K) y estan en el 
interior bajo una presi6n de helio (aprox. 100 bar), que viene 
todavia aumentada por la presi6n de los productos de fisi6n 
gaseiformes en el entrehierro entre las pastillas de combustible 
y la vaina. Durante el funcionamiento normal de reactor, a la 
presi6n interior de la vaina se opone la presi6n cuasi doble 
del sistema del circuito primario. Pero despues del blowdown 
la presi6n interior carga el material de vaina que ademas se 
hace mas deformable con el aumento de la temperatura. La con-
secuencia es que despues de 1,5 minutos las vainas mas calien-
tes (~1000 entre 46.000 en total) se hinchan y revientan 
(ver fig. 5). Una parte de los productos de fisi6n gaseifor-
mes bajo estas condiciones de esta.do en el entrehierro entre 
el combustible y la vaina de estas agujas penetra al fluido 
de vapor en el circuito primario y con esto al recipiente de 
seguridad. 
Entretanto los a.cumuladores son vaciados, y el agua con-
densada (~1300 m3) se ha acumulado en el 11 sumidero del edi-
f icio 11 • Olandö.~ ·<:fallen los .. sistemas de refrigeraci6n de urgencia 
por los cuales en un 11 circui to cerrado 11 se boml:ea agua del 
sumidero hasta el nucleo del reactor, comienza 
1.3 el calentamiento y la fusi6n del nucleo del reactor, la 
explosi6n de vapor y-la·evaporaci6n del aaua residual 
El a.ccidente de fusi6n del nucleo del reactor resulta entonces 
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como consecuencia de la hip6tesis poco probable que todo el 
sistema de refrigeraci6n de un reactor de agua ligera falle 
al mismo tiempo. De este modo se calientan las agujas de com-
bustible o partes de agujas insuficientemente refrigeradas, 
debido al calor residual, a lo cual hay que anadir todavia 
el calor de reacci6n exotermico (con ~ 1700 K) procedente de 
la oxidaci6n de vapor de agua de las vainas de Zircaloy. 
Por esta adici6n de calor las partes de agujas de combustible 
que ya no estan mojadas por agua se calientan hasta la tempe-
ratura de fusi6n del Zircaloy (aprox. 1900 °C) (despues de 
~ 5 minutos). Sigue la fusi6n de las agujas de combustible 
(fig. 6) - y durante el calentamiento hasta la rotura de toda 
la estructura del nucleo del reactor - la formaci6n de una 
masa del nucleo en fusi6n en la calota del fondo de la vasi-
ja de presi6n del reactor. Entonces se evapora toda el agua 
residual, la vasija de presi6n del reactor esta (despues 
de aprox. 1,5 horas) 11 resecada 11 • Se tiene que mencionar aqui 
que la introducci6n de material en fundici6n en el agua 
residual por debajo de la estructura de soporte del nucleo 
puede dar lugar a la formaci6n de una o varias llamadas 
11 
explosiones de vapor 'tJ. Por explosi6n de vapor se entiende 
un intercambio de calor rapido y ligado con una liberaci6n 
de energia mecanica. Podria originar una onda de choque de 
presi6n y producir mas fragmentos del nucleo en el ambiente 
inmediato de la mezcla agua/material fundido del nucleo, que 
hacen que la vasija de presi6n y la vasija de contenci6n 
del reactor sean prematuramente destruidos ( 1 , 5 horas 
despues del principio del accidente) . 
La aparici6n de una explosi6n de vapor es bastante probable. 
I Una gran cantidad de materiales fundidas del nucleo entrara 
prirnero al agua residual de la calota inferior de la vasij~ 
de presi6n del reactor. Entonces el material fundido del 
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- fuel element 
support plate 
RPV 
fig. 6: Fusion local de agujas combustibles 
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nucleo en parte se fragmentara groseramente en agua, de modo 
que los fragmentos, sin formar una piel solidificada, se 
rodeen de una pelicula hirviente estable. Cualquier impulsi6n 
de presi6n local que puede aparecer por ejemplo cuando el 
material fundido incluye agua en la zona de la pared de la 
vasija de modo que ~sta se evapora de repente, tiene que 
garantizar entonces que las peliculas de vapor de los frag-
mentos groseros de material fundido se rompan en la regi6n 
suficientemente extendida, por lo que los fragmentos groseros 
vienen fragmentadas a gotas de material fundido considerable-
mente mas pequenas. Estos fragmentos finos tienen que mezclar-
se inmediatamente con el agua ambiente. Estas 
son las condiciones de una explosi6n de vapor. Debido a la 
superficie considerablemente aumentada del material fundido, 
se produce una transmisi6n muy rapida de calor desde el ma-
terial fundido finamente fragmentado al agua. El gran flujo 
termico al agua ambiente origina la evaporaci6n repentina 
y presiones extremamente elevadas localmente, que producen 
una onda de choquesque se propaga y que por su parte origina 
otra fragmentaci6n fina y otra producci6n de vapor. Finalmen-
te las presiones interiores que aparecen durante la evapora~ 
ci6n extrSTadamente ra~ida originan una aceleraci6n del agua 
ambiente y tambien de materiales s6lidos desde la vasija 
de presi6n del reactor hacia el exterior. 
Con la hip6tesis arbitraria que todo el nucleo del reactor 
fundido en el agua sobrante de la vasija . de presi6n del 
reactor participe al mismo tiempo en una explosi6n de vapor 
(aprox. 170 t) se ha calculado que,a lo sumo,durante un 
accidente de fusi6n de nucleo entre 10.000, la vasija de con-
tenci6n podria destruirse por una explosi6n de vapor. En 
cambio, estudios experimentales y te6ricos permiten decir 
que se fragmenta simultaneamente solamente una cantidad de 
material fundido (20 t) con la cual las transformaciones 
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de energia que aparecen no bastan para destruir la vasija 
de presi6n ni para poner en peligro la vasija de contenci6n. 
Despues del calentamiento y de la fusi6n del nucleo del reac-
tor, la explosi6n de vapor y la evaporaci6n del agua sobrante, 
1.4 el material fundido del nucleo del reactor se encuentra 
en la vasija de presi6n del reactor - liberaci6n de 
productos de fisi6n 
El calor residual producido en la masa del material fundido 
se evacua por conducci6n en la parte mojada de. la vasija 
de presi6n del reactor. La parte no mojada se calienta por 
radiaci6n termica a partir de la superficie del material fun-
dido. El transporte de masa y de energia en el material fun-
dido desde su centro hacia las zonas mar~inales mas frias se 
hace por convecci6n natural. Se forman las llamadas ''celdas 
de rodadura" (fig. 7). El calentamiento de la pared de la 
vasija de presi6n del reactor que esta en contacto directo 
con el material fundido, asi como el calentamiento de las 
estructuras no mojadas puede calcularse a traves de la con-
ducci6n del calor por convecci6n y radiaci6n termica. En la 
masa fundida se alcanzan las temperaturas mas elevadas duran-
te todo el desarrollo del accidente de fusi6n del nucleo 
(aprox. 2700 K). Esto tiene como consecuencia que tambien 
aqui se produce la liberaci6n maxima de productos de fisi6n. 
Por ello es razonable y comprensible que los estudios experi-
mentales de la liberaci6n de productos de fisi6n se han refe-
rido en primer lugar a este periodo del accidente de fusi6n 
del nucleo del reactor. Inexactitudes en la estimaci6n debi-
das a la liberaci6n en los periodos precedentes implican 
a lo sumo un desplazamiento de los lapsos de tiempo (de ~ 2 h) , 
lo que no tiene ninguna importancia para las consecuencias 
radiologicas de un accidente de fusi6n del nucleo. 
altitud (I"l) 
- 70 min I - 115 min 4 
. r 3 
-" 
-14 min 2 ,j:::. 
-18 min 
1 
- 64min 
0 
fig. 7: Conveccion en materiales fundides del nucleo del reactor 
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Los productos de fisi6n y de desintegraci6n radiactivos 
liberables a partir de un reactor de agua a presi6n (tiempo 
de funcionamiento 3 anos; grado de quemado 37 GWd/t) repre-
sentan solamente una pequena parte (0,2% en peso) del inven-
tario de una vasija de agua a presi6n. Pero cuando se 
toman en cuenta los componentes no radiactivos liberables 
del material fundido del nucleo, resulta integralmente una 
masa de partleulas aproximadamente dos veces mas grande, 
que penetra en forma de aerosoles (partlculas arrastradas 
por vapor/aire) a la vasija de contenci6n dentro de un 
perlodo de apenas una hora. La mayor porci6n de masa (~1,6 t) 
viene de las barras de regulaci6n y control (Cd, In, Ag). 
Se compone casi totalmente de plata metalica. Siguen los 
constituyentes de acero liberados en forma de partleulas 
(745 kg) que existen sobre todo en forma de 6xidos, y el 
r 
6xido de uranio (490 kg). La porci6n mas grande en masa de 
las que siguen procede de los productos inactivos de fisi6n 
y de desintegraci6n (aprox. 160 kg). Desde el material de 
vainas se libera un poco de estano, pero sobre todo circonio 
en forma de 6xido (80 kg). Entre los componentes radiactivos 
liberados en forma de partleulas a partir del combustible 
(~100 kg) la mayor parte es cesio-137. 
Los gases de fisi6n, sobre todo xenon y krypton, se liberan 
completamente a partir del nucleo del reactor, como el yodo 
(18 kg). Bajo las condiciones arriba mencionadas el inven-
tario de yodo es de 18 kg al principio del accidente. 
Tarnbien esta masa se libera con un 100%. Es importante men-
cionar que solamente aproximadamente 800 g de esta masa 
forman partedel is6topo de yodo-131, que es el unico is6topo 
de yodo que proporciona una contribuci6n notable a los efectos 
radiol6gicos durante un accidente de fusi6n del nucleo. 
Debido a los gradientes de temperatura que existen alrededor 
del material fundido del nucleo, la liberaci6n no se hace 
en el 6rden de tiempo: Primero los productos de fisi6n facil-
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mente volatiles y al final los dif1cilmente volatiles. Sin6 
el sistema de aerosoles liberados esta bastante homogeneizado 
debido a procesos de coagulaci6n y condensaci6n. 
Bajo las condiciones mencionadas, la liberaci6n de masas de 
a~rosoles activos e inactivos en forma de partleulas puede 
determinarse de antemano con bastante exactitud. As1mismo 
puede estimarse que la vas~ja de presi6n del reactor falla 
1,7 horas despues del principio del accidente, 14 minutos 
despues de la formaci6n del material fundido, justamente por 
debajo de la superficie del bano 11quido (ver fig. 7). Ahora 
comienza el ultimo per1odo del accidente, 
1.5 la fusi6n del nucleo en el hormig6n 
Despues de la falla de la vasija de presi6n del reactor, 
la masa fundida (~50 t metal + ~120 t de 6xido compuesto de 
102 t ~ 60% en peso de combustible uo 2 , 31 t ~ 18% en peso 
de estructuras de acero, 32 t ~ 19% en peso de vainas de 
Zircaloy, 2 t ~ 1% en peso de barras de regulaci6n y control, 
3% ~ 2% en peso de productos de fisi6n alcanza la fundaci6n 
de hormig6n del edificio de reactor (caverna con 6 m de 
J diam~tro; espesor de la fundaci6n: 5 hasta 7 m, fig. 8). 
Despues del fraguado y secado, el hormig6n del reactor se 
compone de aridos (18% en peso, en la mayor1a grava sil1cea 
con carbonato de calcio, agua libre en los poros del hormig6n 
(~4% en peso) y cemento (16% en peso, en la mayor1a hidr6xido 
de calcio). Es evidente que el hormig6n fraguado a la tempe-
ratura ambiente se descompone termicamente a temperaturas 
elevadas y que en la descomposici6n del hormig6n se produce 
una formaci6n considerable de vapor de agua (~200 kg de agua 
por 1 m3 de hormig6n) . 
Cuando el material fundido del nucleö ha salido a la caverna 
de hormig6n, la parte metalica de la masa fundida esta abajo, 
y arriba se encuentra la parte de 6xido que se compone sobre 
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sumidero del 
edificio 
fig. 8: Cimiento de hormig6n de un reactor de agua 
a presi6n 
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todo de 6xido de uranio, circonio y cromo. La parte licuada 
de hormig6n tiene un compartamiento semejante al de una masa 
liquida de cuarzo, porque se compone sobre todo de Sio2 . Los 
componentes fundides del hormig6n se mezclan con la fase de 
6xido de la masa fundida. De este modo, los productos de 
fisi6n que producen el calor residual vienen continuament~-
diluidos, comparados con la masa fundida de 6xido total. 
Debido al flujo termico considerable que se evacua desde la 
masa fundida hasta el hormig6n, y porque al mismo tiempo se 
tiene que calentar el hormig6n fundido hasta la temperatura 
del bano de masa fundida, la temperatura del material fundi-
do del nuQleo baja rapidamente. Por ello la temperatura de 
fundici6n el hormig6n se disminuye dram&ticamente. Al mismo 
tiempo los vapores de agua liberados durante la destrucci6n 
del hormig6n atraviesan el bafio de masa liquida en bandadas 
de burbujas de modo que aproximadamente la mitad del volumen 
del bafio de masa liquida estä gaseiforme. Corno los &ridos 
del hormig6n contienen tambien carbonato de calcio, se libera 
ademäs di6xido de carbono que pasa tambien por el bafio de 
liquide en forma de gases. El vapor de agua pasa primero en 
forma de perlas por la masa l1quida metalica inferior y la 
oxida. Las partes m~talicas oxidadas se mezclan con la masa 
fundida de 6xidos. En la reducci6n del vapor de agua sobra 
hidrogeno que pasa por la masa fundida de 6xidos y que se 
libera en la vasija de contenci6n. Entre el hidrogeno 
y el 6xido de carbono puede producirse la llamada reacci6n 
agua/gas, lo que origina ademas la liberaci6n de monÖxido 
de carbono en la vasija de contenci6n. 
Hasta ahora no est& exclarecido completamente si se puede 
excluir la posibilidad que la vasija de contenci6n sea 
destruida por una detonaci6n de hidrogeno. 
La fig. 9 muestra el diagrama del sistema ternario de mezclas 
de aire - vapor de agua - hidr6geno. Para cada composici6n 
de mezcla dentro de la zona de encendido existe la posibilidad 
, 
I 
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de una combusti6n explosiva y se produce la detonaci6n. Tal 
detonaci6n de H2 en la vasija de contenci6n. tiene bastante 
potencial para destruirla. Por otra parte, una combusti6n de 
H2 iniciada a prop6sito ofrece la posibilidad de evitar la 
detonaci6n. - Volvamos a la fusi6n del nucleo del reactor: 
Corno en la fundaci6n del reactor existen tambien capas espesas 
de armadura de acero, la masa fundida metalica viene reempla-
zada progresivamente por la armadura que funde. 
El contorno siempre mas grande de la caverna fundida de 
hormig6n, la masa de bano de material fundido siempre mas 
grande, su temperatura siempre mas baja y el fluido de gas 
que disminuye continuamente, originaran pronto los primeros 
fen6menos de solidificaci6n en la masa fundida metalica y 
de 6xido. Se libera entonces calor de solidificaci6n, y la 
transmisi6n termica al hormig6n se disminuye debido a la 
formaci6n de costras. Pero la disminuci6n de la transmisi6n 
termica al hormig6n significa que el sistema se calienta de 
nuevo, debido al calor residual. Este cambio entre el enfria-
miento y el calentamiento, es decir la solidificaci6n y la 
fundici6n, se termina finalmente, cuando la fundaci6n tiene 
el diseno correspondiente, por la "recuperaci6n" ("core 
catching") del material fundido por solidificaci6n completa, 
lo que puede tardar algunos meses - con hip6tesis desfavo-
rables aun anos. En la fig. 14 hemos introducido la disminu-
ci6n de la temperatura efectiva de la masa fundida debido 
a la "diluci6n del hormig6n" segun calculos efectuados en 
1a aproximaci6n. 
Con esto esta parado el accidente de fusi6n del nucleo del 
reactor "hacia abajo". - En cambio, su control "hacia arriba" 
permanece sin soluci6n hasta ahora.. Afecta el aumento de la 
presi6n en la.vasija de presi6n debido a los gases libe-
rados y los vapores durante la interacci6n de la masa fun-
dida con el hormig6n hasta que la vasija de contenci6n 
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de un reactor de agua a presi6n falle (~9 bar) . En este caso 
no podemos imaginarnos que la esfera de acero (ver fig. 1; 
diametro 50 m; espesor de pared 4 cm)revienta como un globo, 
sin6 se tiene que suponer que las juntas o soldaduras fallan 
progresivamente de modo que salgan justamente tantos vapores 
y gases a partir de la vasija de contenci6n cuantos se 
producen por la destrucci6n del hormig6n. Las primeras aproxi-
maciones consideran que este falle por sobrepresi6n comienza 
con 6 bar 2-5 dias despues del principio. del accidente. Duran-
te este tiempo el sistema de aerosoles en la vasija de con-
tenci6n esta sometido a fuertes mecanismos de separaci6n. 
Las estimaciones de ingenieria indican que la masa de aero-
soles liberada inicialmente esta reducida despues de 5 dias 
de 6 6rdenes de magnitud, donde el yodo se separa en forma 
de yoduro de plata. Este ''escenario" corresponde al estado 
actual de las consecuencias del accidente ''hacia arriba". 
En todos los periodos del accidente de fusi6n del nucleo del 
reactor intervienen problemas de material a traves de dos 
grupos de problemas: 
- la estructura material del sistema en el periodo estudiado 
del accidente, 
- las propiedades de los componentes o respectivamente fases 
del sistema en el periodo considerado del accidente. 
Cuales son las interacciones que tienen lugar entre los compo-
nentes del nucleo del reactor y cuales son las sustancias 
que se forman? Cual es la fase de la masa fundida polifasica 
que tiene la menor densidad y ''nada" sobre la otra? Cual es 
la influencia del hormig6n que con su fusi6n entra en la 
fase de 6xido, sobre las temperaturas de fusi6n? Y cuales 
son las Capaeidades calorificas, viscosidades o conductivi-
dades termicas de las fases liquidas? Aqui la estructura 
material por una parte y las propiedades por otra est~n 
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estrechamente ligadas, porque cada cambio de la estructura 
material, segun las condiciones de estado existentes, tiene 
como consecuencia un cambio correspondiente de las propie-
dades. - El estudio de estos problemas de material ha sido 
realizado con experiencias en escala de laboratorio bajo 
condiciones de accidente simuladas y mediante estimaciones 
te6ricas y extrapolaci6n a partir de los campos accesibles 
para la experiencia. 
2. La estructura de los materiales durante el accidente de 
fusi6n del nucleo 
Corno la fusi6n del nucleo del reactor en el sentido propio 
no tiene lugar durante el primer periodo del accidente, 
estos problemas de material se tratan dentro del margen de 
la refrigeraci6n de emergencia. En cambio en el segundo 
periodo del accidente (con aprox. 2100 K) comienza el proceso 
de fusi6n en la aguja combustible (ver fig. 6). En atm6sfera 
oxidante o parcialmente oxidante la superficie exterior de 
las vainas de agujas combustibles de Zry-4 se oxida, en la 
superficie interior de la vaina de Zry-4 se produce una 
reacci6n con el combustible uo2 , que viene reducido parcial-
mente. El Zircaloy absorbe oxigeno y se funde. 
La estructura material del sistema en el tercer periodo del 
accidente que ahora comienza esta determinada por la forma-
ci6n de una masa en fusi6n del nucleo del reactor 
- por interacci6n entre los componentes del nucleo y 
- por interacci6n de los componentes del nucleo con la atm6s-
fera de accidente. 
La composici6n material de esta masa en fusi6n del nucleo 
puede variar (entre "A" y "E"), segun los componentes del 
nucleo (U0 2 , Zry, acero, Inconel, productos de fisi6n; se 
han despreciado los componentes de barras de control) que 
funden bajo tal atm6sfera (vapor de agua, hidr6geno, oxigeno, 
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aire; no oxidante hasta completamente oxidante) (ver fig. 10). 
La fig. 11 muestra una de estas composiciones iniciales 
posibles sin tener cuenta de los productos de fisi6n. Su · 
distribuci6n y concentraci6n determina la densidad del fuente 
de calor en las fases de fusi6n del nucleo y con esto el calor 
residual que por su parte determina el momento de la solidi-
ficaci6n de la masa fundida - junto con el punto de fusi6n de 
las fases. - Conforme a las cantidades distintas de materiales 
de estructura fundidas bajo atm6sfera no oxidante, parcial-
mente o completamente oxidante, pueden definirse seis casos 
11mites de la composici6n material (ver fig. 10). Los materi-
ales fundidas del nucleo formados segun la composici6n inicial 
(corio A, E) y la atm6sfera de accidente (no oxidante = 
corio AX1, EX1; parcialmente oxidante = corio AX2, EX2; com-
pletamente oxidante = corio AX3, EX3) son monofasicos 
ox1dicos unicamente en el estado completamente oxidado 
(corio AX3, EX3), mientras que en los otros casos se componen 
de una fase fundida metalica y una de oxido (ver fig. 10) .. 
Corno ya lo predicen las entalp1as libres de formaci6n en la 
fig. 12 y lo confirman las experiencias, la fase fundida de 
Öxldo se compone inicialmente sobre todo de (U, Zr)o2 , donde 
entran por fusi6n componentes de acero siempre mas oxidados 
(Cr 2o 3 , FeO, NiO). En cambio la fase fundida metalica tiene 
una composici6n semejante a la del acero. 
El caracter bifasico de las masas fundidas de corio tiene 
como consecuencia una distribuci6n inhomogenea de los pro-
ductos de fisi6n. Las tierras raras facilmente oxidables (ver 
fig. 12) se disolveran inmediatamente en la fase 11quida de 
r 
oxido, mientras que los productos de fisi6n Mo y Tc siguen 
solamente con el aumento del grado de oxidaci6n - a semejanza 
de los componentes de acero. En cambio los productos de fisi6n 
con car&cter de metal precioso (Ru, Pd, Rh) permanecen en la 
fase metalica, mientras que los productos de fisi6n con presi6n 
de vapor elevada, como los metales alcalinos y el yodo y 
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telurio, se han probablemente volatilizado completamente 
antes que la fase liquida se haya formada. 
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fig. 12: Entalpias libres de formaci6n de los 6xidos de los 
componentes del nucleo y de los productos de fisi6n 
En las experiencias en que se basan estos resultados se han 
podido simular varios productos de fisi6n por elementos 
quimicamente muy parecidos. Ce y Nd representan las otras 
tierras raras trivalentes, el estroncio representa tambiEm 
bario, molibdeno representa tecnecio. El rutenio substituye 
todos los metales preciosos, y solamente el zirconio se re-
presenta solamente por si mismo. Corno lo hemos ya mencionado, 
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las concentraciones de productos de fisi6n se han introducido 
conforme a un grado de quemado triple (10%), para hacer re-
saltar mas claramente su efecto. 
Segun los calculos efectuados hasta ahora con c6digos, hay 
que contar con un fallo de la vasija de presi6n del reactor 
poco despues de la formaci6n de la fase fundida del 
nucleo (ver fig. 7). Al principio de este cuarto periodo 
del accidente - material fundido del nucleo en el hormig6n -
la composici6n material de este cambia - se llama ahora corio 
(A+R) ... y corio (E+R) .... - como consecuencia de la fundi-
ci6n suplementaria del acero de la vasija de presi6n. Se tiene 
que suponer que un material fundido bifasico del nucleo entra 
ahora en interacci6n con el hormig6n siliceo. Segun los resul-
tados experimentales obtenidos hasta ahora 
- el hormig6n cede su agua en tres campos de temperatura 
(fig. 13) 
- el hormig6n se funde en el campo de temperatura indicado en 
la fig. 13 por la curva DTA 
- el hormig6n se mezcla completamente con la fase fundida de 
corio oxidica 
y forma una nueva fase fundida oxidica, cuyas temperaturas 
de liquidus y solidus calculadas aproximadamente estan indi-
cadas en la fig. 14 en funci6n de la concentraci6n de la fase 
de corio oxidica o respectivamente del componente de hormig6n, 
junto con valores experimentales. 
Para el calculo se tomarian en cuenta como estados iniciales 
imaginables del material fundido del nucleo en el hormig6n, 
los estados bajo atm6sfera parcialmente o completamente 
oxidante despues de la fusi6n completa de todas las estruc-
turas interiores del nucleo (corio EX2, corio EX3). La zona 
de solidificaci6n de la fase de oxldo, en interacci6n con el 
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fig. 14: Campo de fusi6n estimado para caldos de hormig6n-
corio EX3 con valores de medida de probetas simu-
ladas (o~+) 
hormig6n, del material fundido de corio EX2 es mas alta 
que la del material fundido de corio EX3. Por ello la dilu-
ci6n del fuente de calor y el aumento de la temperatura de 
s6lidus que intervienen como consecuencia de la interacci6n 
arriba descrita con el hormig6n originarian para caldos de 
hormig6n-corio EX2 en comparaci6n con caldos de hormig6n-
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corio EX3 una solidificaci6n mas temprana, lo que vale pro-
bablemente tambien para la comparaci6n con los caldos de 
hormig6n-corio AX. Por consiguiente los caldos de hormig6n-
corio EX2 y respectivamente AX estan quizas los casos reales, 
pero optimistas. Las consideraciones siguientes se har~n de 
modo conservador y por esto se refieren al caso pesimista 
de caldos de hormig6n-corio EX3. 
Para estimar el campo de solidificaci6n de caldos de hormig6n-
corio EX3 se considera en primera aproximaci6n que 
los componentes hormig6n y corio EX3 son completamente 
solubles en ellos, 
- forman una soluci6n ideal en el caldo y 
- se puede despreciar la dependencia de la temperatura del 
calor de fusi6n de los componentes entre sus puntos de 
fusi6n. 
Bajo estas condiciones las curvas de liquidus y s6lidus siguen 
en primera aproximaci6n segun las relaciones de Schröder-van 
Laar: 
C . ( liqu.) n -1 = e COrlO ( 1 ) 
n -m 
e -e 
c . (sol.) n -1 = e COrlO 
n+m 
e -1 
( 2) 
n = t-Hs hormig6n (.1_ 1 
R Ts 
) T hormig6n 
( 3) 
I t-Hs m 
- corio 
C.f. 
.1_) 
R 
corio T s 
( 4) 
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[C = concentraci6n de corio en porcentajes molares; 
6H8 = calor de fusi6n; R = 8.314 J/mol K; T8 = temperatura 
de fusi6n; T = temperatura] 
Corno el hormig6n y el corio EX3 no tienen puntos de fusi6n, 
sin6 campos de fusi6n, la curva de liquidus se calcula con 
las temperaturas de liquidus, y la curva de s6lidus se cal-
cula con las temperaturas de s6lidus. Para ello, debido a la 
estimaci6n conservadora buscada, se utilizan para el cal-
culo las maximas temperaturas conocidas de liquidus y las 
minimas conocidas de s6lidus. Estas hip6tesis proporcionan 
temperaturas de solidificaci6n minimas y la maxima extensi6n 
del campo de fundici6n bifasico. 
La composici6n material de los componentes da 
- para el hormig6n siliceo con cemento de Portland la 
"f6rmula molecular 11 
con el 11 peso molecular 11 medio de 48 g/mol y 
- para corio EX3 
U0,166 Zr0,139 Fe0,886 Cr0,252 Ni0,126 °2,443 
con el 11 peso molecular 11 medio de 168,6 g/mol. 
Las maximas temperaturas de liquidus conocidas hasta ahora 
de los componentes extan 
- para hormig6n rv 1700 K y 
- para corio EX3 segun las Ültimas medidas de rv 2075 K 
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mientras que las temperaturas minimas conocidas hasta ahora 
de solidus son 
- para hormigon · ~ 1450 K y 
- para corio EX3 ~ 1620 K. 
Corno calor de fusion para el hormigon se ha determinado 
L1H8 h . , = 210,6 J/g ~ 10,1 KJ/mol. orm1gon 
Se ha tenido que estimar el calor de fusion del corio EX3. 
SegGn an&lisis radiogr&ficos el corio EX3 en el estado solide 
se compone de por lo menos dos fases con red cristalina cubica-
hexaquisoctaedrica, es decir (Uxzr 1_x)o 2 (tipo CaF 2 ) y Fe 3o 4 
(tipo espinela) . Para compuestos cristalizantes cubicos-
hexaquisoctaedricos del tipo NaCl y CaF 2 las entropias de 
fusion - analogamente a la regla de Richards para metales -
estan aproximadamente constantes y semejantes (ver fig. 15). 
El valor medio de la entropia de fusion para materiales 
cubicos cristalizantes del tipo CaF 2 , NaCl y espinela es 
por consiguiente 
6s8 ~ 21 J/mol K. 
A partir de 
( 5) 
se tiene con los calores de fusi6n para T8 = 1620 K (tempera-
tura de s6lidus) y para T8 = 2075 K (temperatura de liquidus) 
un calor de fusion medio para el corio EX3 de 
L1HS corio EX3 ~ 38 ' 8 KJ/mol. 
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Con esto conocemos todos los datos para la estimaci6n por 
calculo de las curvas de liquidus y s6lidus para caldos de 
hormig6n-corio EX3 segun las ecuaciones 1-4. Se han programado 
las ecuaciones y se han calculado los programas con los datos 
siguientes: 
- Estimaci6n de la curva de liquidus (Ec. 1, 3, 4) 
6H8 hormigon = 10,1 KJ/mol; 6H8 corio = 38,8 KJ/mol; 
- T = 1700 K; hormig6n - liqu. hormig6n 
Corl·o = T1 . . = 2075 K. lqu. corlo 
20 
18 
16 
14 
12 
10 
8 No Cl 
L1F .t. xKF 
6 NaBr-'-•-' _ N<1St~ -KCI 
• bCl 
4 ' ..,;;,;Rbf A bS~,RbBr 
2 • • Csf AI;Br Ag~' 
I) 
1000 1500 
temperatura (K) 
fig. 15: Regla de Richards paramateriales ceramicos con 
red cubica 
- Estimaci6n de la curva de s6lidus (Ec. 2, 3, 4) 
6H8 . ; = 10,1 KJ/mol; 6H8 hormlgon = 38,8 KJ/mol; corio 
TS hormig6n = Tsol. hormig6n = 145° K; TS corio = Tsol. corio 
= 1620 K. 
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Para la comparaci6n con datos de medida, las indicaciones 
de las concentraciones tienen que convertirse en porcentajes 
en peso: 
G . = COrlO 
100 
xh .. , ·Mh . , 
1 + orm1gon orm1gon X . ·M . 
cor1o cor1o 
( 6) 
(Gcorio = porcentaje en peso corio EX3; X = porcentaje molar; 
M = peso molar). 
En la fig. 16 hemos representado graficamente el resultado 
de esta conversi6n. 
100 
90 
80 
70 
60 
0 
~.50 
P-l 
>:1 L.D 
QJ 
o\O 30 
20 
10 
% molar 
fig. 16: Conversi6n de porcentajes molares de corio EX 3 
en caldos de hormig6n-corio EX3 en porcentajes 
en peso de corio EX 3 
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temperatura de liquid ~s concentraci6n de CorioEX3 
(K) (% mol) 
1700 0.0 
1719 1.2 
1737 2.6 
1756 4. 1 
1775 5.7 
1793 7.6 
1812 9.7 
1831 12 .o 
1849 14.6 
1868 17.4 
1886 20.7 
1905 24.4 
1924 28.5 
1942 33.3 
1961 38.7 
1980 45.1 
1998 52.5 
2017 61.2 
2035 71.6 
2054 84.3 
2073 100.0 
fig. 17: Representaci6n grafica de la conversi6n de por-
centajes molares en porcentajes en peso del corio 
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temperatura de s61idu:o concentr. de Corio EX 3 
(K) (% mal) 
1450 0.0 
1458 1.7 
1467 3.5 
1475 5.4 
1484 7.4 
1492 9.6 
1501 12.0 
1509 14.5 
1518 17.3 
1526 20.3 
1535 23.6 
1543 27.3 
1552 31.4 
1560 36.1 
1569 41.3 
1577 47.4 
1586 54.4 
1594 62.7 
1603 72.6 
1611 84.8 
1620 100.0 
- -
fig. 18: Temperaturas y concentraciones calculadas de la 
curva de s6lidus de caldos de hormig6n-corio EX3 
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Cuando se representan las temperaturas de liquidus y de soli-
dus segun las figuras 17 y 18 sobre las concentraciones de 
corio EX3 en porcentajes en peso segun la fig. 16, se obtiene 
el campo de solidificaci6n- rayado en la fig. 14 - para cal-
dos de hormig6n-corio EX3. La fig. 14 contiene tambien los 
valores de medida para los caldos ricos en hormig6n, especial-
mente interesantes desde el punto de vista de la tecnica de 
seguridad (>50% en peso de hormig6n), en los cuales se han 
simulado por una parte el componente de corio de 6xido de 
uranio, zirconio e hierro (x), y donde por otra parte este 
componente se componia solamente de di6xido de uramo y zir-
conio (oo) . Aunque estas composiciones discrepen en parte 
considerablemente de la del componente corio EX3, las tempera-
turas medidas para el principio de la fusi6n estan dentro 
o inmediatamente cerca del campo de fusi6n calculado. 
Corno lo dejan esperar las determinaciones de densidad des-
critas mas tarde, y como lo muestran las experiencias, la 
nueva fase fundida oxidica se coloca sobre la fase liquida 
metalica semejante al acero. Debido a las diferencias de 
mojabilidad esta colocaci6n es mas inequivoca para expe-
riencias en crisoles de tungsteno (fig. 19) que para expe-
riencias en crisoles de 6xido de torio (ver tambien cap. 3, 
energias de superficies limites). Se supone que estos ultimos 
reproducen de modo mas realista las condiciones reales en el 
accidente de fusi6n del nucleo, porque la fase fundida oxidica 
moja el hormig6n. 
Esta estructura material en el cuarto periodo admite la 
conclusi6n que el proceso de destrucci6n del hormig6n esta 
controlado termicamente (fusi6n del hormig6n). La fase fundida 
oxidica que puede iniciar el principio de la fusi6n del hormi-
g6n y disolver sus componentes, lo ataca menos fuertemente 
que la fase metalica. Por ello, los resultados de erosi6n 
de experiencias en gran escala, donde se han colado caldos 
de acero en hormig6n, pueden considerarse como apropiados 
para la simulaci6n. Aqui siempre hay que tener en cuenta que 
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partirnos de un horrnig6n de cernento hidratado, es decir que 
el ernpleo de horrnigones aglornerados de ot~a rnanera (horrnig6n 
biturninoso o de resina artificial) no esta tornado en consi-
deraci6n provisionalrnente. 
Th02- crucible- W 
Steel 
fig. 19: Disposici6n geornetrica de la fase oxidica y rnetalica 
en 
caldos de corio (AX2+R) + horrnig6n en crisoles 
de Th0 2 (a) 
- corio EX2 en el crisol de W (b) 
3. Propiedades de fases fundidas y componentes del nucleo 
3.1 Propiedades esenciales para el accidente 
En los prograrnas de calculo rnencionados en la prirnera parte 
para la descripci6n del desarrollo con el tiernpo de un acci-
dente de fusi6n del nucleo, el carnbio de la ternperatura corno 
variable de estado toca un papel decisivo. Deterrnina el prin-
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cipio del periodo de fusi6n asi como la solidificaci6n posible 
de fases fundidas del corio en la vasija de presi6n del 
reactor o del caldo de corio, corio Ax, EX+R + hormig6n. La 
temperatura que existe en un momento determinado en un lugar 
determinado esta determinada por los balances termicos entre 
fuentes de calor (calor residual de los productos de fisi6n y 
calores de interacci6n exotermicos) y los sumideros de calor 
(capacidades calorificas de los componentes del nucleo y de 
las fases fundidas de corio, transporte termico por radiaci6n, 
conducci6n y convecci6n, calores latentes como p.ej. calores 
de fusi6n y de evaporaci6n) . El conocimiento de la propiedades 
de los componentes y fases en los diferentes periodos del 
accidente, como p.ej. las energias superficiales, densidades, 
coeficientes de dilataci6n y viscosidades esta por consiguiente 
necesario para el estudio del accidente. 
Corno la medici6n de las magnitudes bajo las condiciones de 
estado del accidente de fusi6n del nucleo es cuasi imposible, 
pero por lo menos dificil, costosa e imprecisa, su determina-
ci6n se apoy6 sobre estimaciones por calculo y extrapo-
laciones graficas 
que sigue. 
que describirimos mas en detalle en lo 
3.2 Energias de superficies limites de caldos metalicos de 
uo2 y densidades de fases fundidas del nucleo 
3.2.1 Bases 
Cuando las superficies de una fase oxidica (a) y metalica 
(ß) entran en contacto (fig. 20a), en el punto x 0 accionan 
de conjunto tres tensiones de superficie limite: la tensi6n 
superficial de la fase de 6xido (yaG), la tensi6n superficial 
de la fase metalica (yßG) y la tensi6n de superficie limite 
de fase (yaß). Para el estado de equilibrio se tiene - segun 
el paralelogramo de fuerzas - la relaci6n de Young-Dupre: 
( 7) 
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En el caso del borde de grano dentro del 6xido (yaG = YßG) 
resulta de la ecuaci6n (7): 
( 8) 
Si el borde de grano se termina en la fase metalica (ß) 
(fig. 20b) f y 
( 9) 
Si el borde grano se termina en la superficie (fig. 20c). 
Cuando la fase metalica fundida se encuentra como gota 
tendida en la fase de 6xido plana y paralela, como lo muestra 
la fig. 20d, resulta· de la ec. (7) 
( 10) 
A partir de la ec. (10) se tiene en combinaci6n con la Ec. (8) 
y ( 9) 
cos(j>Scos(j> 
YaG = YßG cos(j>P-cos(j>K ( 11 ) 
Con este sistema de ecuaciones (ecs. 8-11) se han determinado 
las energias de superficies limites entre fases de 6xido y 
metalicas que estudiaremos en lo que sigue, donde en los 
casos mas complicados teniamos que pasar por las etapas si-
guientes: 
determinaci6n de la energia superficial de un metal liquido 
(yßG) 
- determinaci6n de los angulos de contacto ((j>S' (j>K' 4Jp, ver 
fig. 20) 
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a) 
b) 
c) 
d) 
YaG 
(G) 
: . 
s6Üda. 
YaG 
·fase gaseosa (G) 
YaG 
fase gaseosa (G) 
1------1 
lern 
fig. 20: Energias de superficie limite y tensiones de superficie limite 
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calculo de la energia superficial del 6xido s6lido segun la 
ec. (5), entonces de la energia de borde de grano segun la 
ec. (9) y con esto de la energia de superficie lirnite segun 
la ec. (8). 
Todas las energias de superficies lirnites y angulos de con-
tactos son independientes de las rnagnitudes de estado tern-
peratura y cornposici6n quirnica, aunque esta ultirna est~ dada 
por el sisterna 6xido-rnetal, pero pueda estar influenciada por 
la cornposici6n de la atrn6sfera arnbiente y por elernentos trazas 
tensioactivos. 
Corno los hernos indicado arriba, la prirnera etapa de la deter-
rninaci6n de la energia de superficie lirnite de fases entre 
el 6xido y el rnetal consiste en la deterrninaci6n de la energia 
superficial del rnetal liquido (yßG en la ec. (11)) en la dis-
posici6n de una gota tendida (fig. 20d), que se realiza en 
aparatos de rnojadura conocidos (fig. 21). La energia super-
ficial resulta entonces - en el supuesto de que las condiciones 
de estado sean constantes - del peso de la gota (G) y de las 
dirnensiones de su silueta (xe' ze, x
0
, z
0
; fig. 20d) rnediante 
la ecuaci6n 
con 
G · b
2 
yßG =V · ß 
p = 
= g • p • b2 
ß 
G 
g • V 
( 12a) 
( 1 2b) 
(g = acceleraci6n de la gravedad; V = volurnen de la gota; 
b = radio de curvatura de la gota; ß = factor de proporcionali-
dad; p = densidad de la gota fundida). 
Se suponen aqui angulos de contactos SUperiores a 90 grados 
(ver fig. 20d: ~ > 90°) y una forrna elipsoidal de rotaci6n 
(eje de rotaci6n z) de la gota. 
generadar de 
A.F. 
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con aparato fotografico 
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fig. 21: Esquema del aparato de :mojadura 
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La determinaci6n del factor de proporcionalidad (ß) asi como 
del volumen (V) y del radio de curvatura (b) de la gota a 
partir de sus dimensiones (x 1 z 1 x y z ) se obtiene a par-e e o o 
tir de tablas representadas graficamente en lo que sigue. La 
fig. 22 indica la relaci6n entre el factor de proporcionalidad 
(ß) y la relaci6n de los tramos centrales (x /z ) . Para la 
e e 
gota representada en la fig. 20d se tiene 
X = 
e 
x /z = 
e e 
2 1 9 cm 
1 , 32 cm 
z 
e 
ß 
= 2,2 cm 
= 3,1 
Los tramos centrales x , z estan siempre atribu{dos a un 
e e 
angulo de contacto ~ = 90° (fig. 20d). Para esta pareja de 
valores (ß = 3 1 1; ~ = 90°) se tiene a partir de la fig. 23a 1 b: 
X 
e b = 0,77 
X 
= 3,77 cm 
asi como a partir de la fig. 24: 
z 
e 0158 b 3.79 b = y = cm z 
z 
b + b 
esto b X z 3178 y con = = cm 2 
Entences resulta con x
0 
= 2 1 5 cm 1 z 0 = 3 cm la relaci6n 
X 
0 b= 0166 
z 
0 
b = 0,79. 
Con estas relaciones y la expresi6n constante ß = 3,1 resulta 
- otra vez a partir de la fig. 23 y fig. 24 por interpolaci6n 
y tomando el valor medio 
V 
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- el angulo de contacto ~s = 133±7, 
lo que coincide con la fig. 20d. 
Con la nueva pareja de valores (ß = 3,1, ~S = 133°) se obtiene 
a partir de la fig. 25 por interpolaci6n 
y con b = 3,78 cm 
V 
-- = 1,12 
b3 
V = 60,5 3 cm . 
El peso de la gota puede determinarse por pesada. Se conoce 
la acceleraci6n de la gravedad (981 cm/s 2 ). Con esto dispone-
mos de todas las magnitudes con las que se obtienen a partir 
de la ec. (12) la energ1a superficial - y la densidad - del 
caldo metalico. 
Para determinar la energ1a superficial de la fase s6lida de 
6xido se tiene que conocer segun la ec. (11), ademas de la 
energia superficial de la gota metalica 11quida (YßG), tres 
angulos de contacto (~S' ~P' ~K; fig. 9). El angulo de contacto 
para la mojabilidad (~ 8 ; fig. 20d) puede ser superior o 
inferior a 90°. Segun la fig. 23 y fig. 24, angulos de contacto 
superiores a 90° (~ 8 > 90°; fig. 20d) se obtienen conforme a 
los procedimientos de interpretaci6n descritos. 
Para angulos de contacto inferiores a 90° (~S < 90°) y un 
peso pequeno de la gota (pequenas gotas) la influencia de la 
gravitaci6n sobre la forma de las gotas es despreciable, y 
la gota puede considerarse como un segmento de esfera. En este 
caso el angulo de contacto resulta de la ecuaci6n de la 
tangente en un c1rculo. 
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Para determinar los angulos de contacto del borde de grano 
de 6xido frente a la fase metalica (~P; fig. 20b) y frente 
al ambiente gaseiforme (~K; fig. 20c), se enfrlan rapidamente 
las probetas correspondientes despues de un recocido isoter-
mico a largo plazo (congelaci6n del estado de equilibrio iso-
termico de las superficies llmites), y se las preparan con 
metodos del analisis estructural (pulido, gravado al acido) 
de modo que los bordes de grano se hagan visibles. Se miden 
los angulos de aquellos bordes de grano que - segun la 
fig. 20b, c - penetran en direcci6n aproximadamente vertical 
sobre la superficie. En el caso del angulo de contacto de 
los bordes de grano que se terminan en las superficies, la 
preparaci6n se hace paralelamente a la superficie. La obten-
ci6n de la marcha vertical supuesta de los bordes de grano 
puede verificarse preparando por ambos lados probetas del-
gadas. Con este procedimiento los bordes de grano buscados 
penetran en direcci6n vertical referida a las probetas prepa-
radas opuestas, y por ello tienen la misma posici6n local en 
ambas superficies. La medida se toma interferometricamente, 
teniendo franjas de interferencia rectillneas sobre bordes 
de grano que penetran perpendlcularmente a la superficie 
(fig. 26). Mediante el angulo de desviaci6n (a, fig. 27), 
la ampliaci6n de la imagen, la distancia de las franjas de 
interferencia y la longitud de onda de la luz monocromatica 
utilizada se obtienen los angulos de contacto de los bordes 
de grano en superficies, cuya distribuci6n de frecuencia 
sirve para determinar el angulo de contacto medio (~K). Los 
angulos de contacto de bordes de grano que tocan a una fase 
metalica s6lida (~P; fig. 20b). estan determinados en super-
ficies de probetas perpendiculares a la superficie llmite 
6xido-metal (ver fig. 27). Debido a la medida del angulo en 
la superficie preparada de la probeta (fig. 20b), la marcha 
vertical supuesta frente a la superficie llmite tiene enton-
ces que ser garantizada aproximadamente en la superficie 
misma de la probeta asl como en la direcci6n perpendicular 
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fig. 26: Bordes de grano de oo 2 (ampliado de 1075) despues del 
recocido isotermico a largo plazo (2173 K, 5 h, arg6n) 
sin (arriba) y con (abajo) franjas de interferencia 
superpuestas 
'fig. 27: Angulos de contacto de 002-cr (ampliado de 1000) 
despues del recocido isotermico a largo plazo (2023 K, 
100 h, arg6n) 
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T= 1500°C 
t :::: 50, 100, 200 h 
<t> = 159,56° ± 0,804° 
T = 1750° c 
t ::: 20, 50, 100 h 
Q:> = 148,03° ± 0,812° 
T 1900°C 
t :::: 1, t., 10 h 
Q 
-= 129,26° ± 1,132° 
90 100 110 1'20 130 u.o 160 170 
angulo de contacto 2 Q:> F ( grados) 
fig. 28: Histograma del ängulo de contacto uo2-cr ~p (valor medio 
en rayitas) 
180 
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sobre ella. Se puede reconocer directamente en la super-
ficie preparada de la probeta (fig. 27 ~ 20b) 1 y se tiene 
que examinar en la direcci6n perpendicular a ella medi-
ante la preparaci6n mencionada por ambos lados de probetas 
delgadas. Corno lo hemos mencionado ya arriba para el angulo 
de contacto en los bardes de grano, el angulo de contacto 
medio en la 11mite de fase se determina a partir de la distri-
buci6n de frecuencia de angulos de contacto medidos en 11mites 
de fases (~P) (ver ejemplo de la fig. 28). 
3.2.2 Resultados 
Las fases o componentes respectivamente que aparecen en un 
accidente de fusi6n del nucleo de un reactor de agua liviana 
son acero, hormig6n y corio EX3. Los caldos de acero no se 
mezclan con caldos de hormig6n y corio EX3. En cambio el 
hormig6n y corio EX3 son completamente mezclables en el 
estado liquido. Su disposici6n geometrica en el caldo esta 
determinada por las funcionesde temperatura de su densidad y 
tiene una influencia esencial sobre la destrucci6n - termica 
y qu1mica - del hormig6n. Por lo tanto, con el metodo de la 
gota tendida (fig. 29) se han medido las densidades de acero1 
corio y hormig6n fundidas y algunas mezclas de corio-hormig6n. 
Corno soporte de las gotas se han empleado di6xido de uranio 1 
nitruro de boro, tungsteno, carburo de hafnio 1 tantalo nitru-
ro y tantalo carbonitruro de hafnio. Se han determinado las 
densidades en el estado s6lido a partir de medidas de densi-
dad segun el principio de Arquimedes a la temperatura ambiente 
y con medidas dilatometricas. 
En la fig. 30 estan resumidos los resultados de las determina-
ciones de densidad. Segun ellos 1 la densidad (ps en kg/m 3 ) 
de todos los caldos disminuye en 1a aproximaci6n linealmente 
con la temperatura (T en K) 1 lo que puede describirse por las 
funciones siguientes: 
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para cero 
Ps = 6,82·10
3 
-
10,25•10- 1 (T-1690) ( 1 3) 
para corio EX3 
Ps = 3,15"10
3 
-
5,77"10- 1 (T-1600) ( 1 4) 
para hormig6n 
Ps = 1,86·10
3 
-
2,4"10- 1 (T-1550) ( 1 5) 
Las lineas trazadas en rayitas en la fig. 30caracterizan los 
campos de fusi6n. Comienzan para corio EX3 y hormig6n con la 
temperatura de s6lidus y se terminan con la temperatura de 
liquidus. Para todas las temperaturas se tiene 
p > p 0 3 > p 0 .h 0 ,. > p ,. 
acero eor~o EX .cor~o EX3 + orm~gon · hormigon, 
de modo que se tiene que contar con una caldo polifasico dis-
puesto en capas, en que el acero liquido se encuentra abajo, 
mientras que el hormig6n liquido esta arriba. 
Los coeficientes de dilataci6n que determinan las densidades 
en el estado s6lido cerca del punto de fusi6n pueden estimar-
se facilmente a traves de las relaciones representadas en la 
fig. 31a y b entre el punto de fusi6n y el coeficiente de 
dilataci6n termica. 
Las energias de superficie limite de los sistemas uo 2-co, 
uo 2-cu y uo 2-Fe se han determinado mediante medidas del 
angulo de contacto segun la ec. (7) (<f>p; fig. 20b) y la 
energia de borde de grano para el di6xido de uranio segun 
la ecuaci6n 
Yuo -uo 2 2 
( 1 7) 
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fig. 29: Gota tendida en un dispositive experimental (acero 
sobre uo 2 ) 
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La ec. (17) se ha determinado de la manera descrita, es decir 
la medida de todos los angulos de contacto (~S' ~P' ~K; 
fig. 20) y la energia superficial del metal liquido (yßG) 
segun la ec. ( 11 ) y la ec. ( 9) . 
Para determinar las energias de superficie limite en los 
sistemas uo 2-Bi, uo 2-Na y uo 2-Pb, se han utilizado las ener-
gias SUperficiales de los metales liquidos y SUS angulos de 
contacto con el di6xido de uranio s6lido a partir de la lite-
ratura. Se han calculado las energias superficiales del di-
6xido de uranio s6lido mediante la ecuaci6n 
Yuo -G 2 
= 1,507- 0,3457.10- 3 T [J/m3 ] ( 1 8) 
Con estos valores resultan de la ec. (10) las energias de 
superficie limite correspondientes. 
Las energias de superficie limite de los sistemas uo 2-Ni y 
uo 2-acero (SS 1 .4970) se sabian por publicaciones sobre 
trabajos anteriores. 
En la fig. 32 estan resumidos los resultados para caldos 
metalicos de uo 2 (T8 uo > T > T8 metal). En cada primera 
llnea respectiva de cad~ sistema en la fig. 32 se ha indicado 
la energia de superficie limite en el punto de fusi6n del 
metal (T/T8 = 1), extrapolada a traves de rectas de com-
pensaci6n a partir de los otros valores de medida. Todos los 
valores se refieren a ensayos con uo 2 . 006 bajo atm6sfera de 
arg6n (0 2 < 10 vpm; H2 , N2 < 20 vpm). Cuando se representan 
las energias de superficie limite para caldos metalicos de 
uo 2 sobre la temperatura hom6loga referida al punto de fusi6n 
del metal respectivo (fig. 33), resulta que 
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uo2-Co 1166 I 
l.~H2 -4.16/ 
1823 1.031! 0.488 160.> 1.441 
1923 1.0677 0.469 159.1 1.293 coeficiente de correlacion 
2023 1.1442 0.449 149.8 0.862 R • ·0.961 
2123 1.2000 0.430 148.6 0.799 
------- - ------------
---------- ---------- --------------- -- ----- ---------
uo2 -Cu 13>6 I 1.>86 -1.654 
1673 1.2338 0.517 155.1 1.199 
1873 1.3813 0.478 151.0 0.955 
·------- ------- -------------------- --------------- - ----- -------· 
uo2 -r e 1809 1 1.459 -2.923 
1873 1.0354 0.476 159.7 1.356 
2073 1.1459 0.440 155.4 1.033 
- -
uo2 -Bi >44 I 1.635 -0.360 
653 1.2004 1.281 0.377 138.> 1.563 
1>1> 2.7849 0.983 0.248 92.0 0.992 
------ ·-------------
---
--·---------- --· 
U02-N• 3/0 I 1.627 
-0.447 
473 I. 2764 1.341 0.181 145.0 1.491 
573 I. 5466 1.309 0.171 119.0 1.392 coeficiente de correlacion 
673 1.6189 1.274 0.160 91.0 1.277 R • -0.995 
773 2.0892 1.240 0.152 42.0 1.127 
--
U02-Pb 600 I 
I 1.660 -0.392 
683 1.1363 1.271 0.447 138.5 1.606 
928 1.5467 1.186 0.432 127.0 1.446 
-· -------
·- -
uo2-Hi 1726 I 1.651 -2.119 
1773 1.0272 1.568 
2023 1.1721 1.354 coeficiente de correlaci&n 
2173 1.2590 1.060 R • -0.973 
----
- --
uo2- acero 1690 I 1.583 -3.503 
(SS 1.4970) 1690 1.0000 0.923 1.190 124.0 1.588 
1840 1.0888 0.671 1.120 110.2 1.256 coefi~iente de eorrelaci~n 
1930 1.1420 0.840 1.050 104.0 1.094 R • -0.999 
---
fig. 32: Angulos de contacto,(energias Superficiales y de superficie limite obtenidos, en'funcion de la tempera-
tura para sistemas de uo2-metal 
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sus funciones de temperatura lineales coinciden dentro del 
margen del campo de dispersi6n en el punto de fusi6n de los 
metales (T/T8 = 1); es decir que la energia de superficie 
limite entre uo 2 y los caldos metalicos estudiados esta 
aproximadamente constante en el punto de fusi6n de los meta-
les! 
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El valor medio de esta energia de superficie limite, calcula-
do por un calculo de compensaci6n, esta 1,68 ± 0,06 J/m3 . 
Con esto tenemos para la energia de superficie limite del 
di6xido de uranio frente a metales liquidos la funci6n de 
temperatura siguiente: 
Yuo -caldo metalico 2 
= 1,68- dy d(T/T8 ) 
( 1 9) 
Los valores del coeficiente de temperatura (d(~}T ) para los 
diferentes sistemas de uo2-metal estan indicados ~n la ultima 
columna de la fig. 32. Corno se trata generalmente de valores 
extrapolados, se ha indicado en varios casos el coeficiente 
de correlaci6n (para una extrapolaci6n sin dispersi6n ± 1). 
3.3 La capacidad calorifica y el calor de fusi6n del corio 
se obtienen por simple extrapolaci6n. Cuando se compilan las 
Capaeidades calorificas disponibles para gran numero de com-
puestos intermetalicos, compuestos metal-oxigeno, elementos 
y halogenuros (fig. 34), resulta una capacidad calorifica 
at6mica media de 8,1 ± 1,4 c/g·atomo K o 33,9 ± 5,9 J/g·atomo K. 
Corno se conoce la composici6n quimica de los diferentes cal-
dos del nucleo, puede calcularse ahora aproximadamente su 
capacidad calorifica en el punto de fusi6n. ~.Ya hemos men-
eü:mado que .los calores de:::fus'i6n pueden estimarse a partir 
de los puntos de fusi6n (ver fig. 15). 
Con un metodo semejante de extrapolaci6n se han determinado 
algunas 
3.4 conductividades termicas del corio 
La comparaci6n de datos disponibles sobre la conductividad 
termica en el estado liquido en el punto de fusi6n muestra 
que existen relaciones constantes para la conductividad ter-
mica en el estado s6lido y en el estado liquido en el punto 
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de fusi6n, como p.ej. para metales cuyos atomos poseen 12 
vecinos pr5ximos en la red (A ;l'd : A1 A 'd = 2,0 ± 0,4). SO l 0 lqUl 0 
Un valor correspondiente para compuestos ionicos (A ;l'd : 
so l 0 
Yliquido = 1,16) puede utilizarse como primera aproximaci6n 
tambien para 6xidos, pero aqui se tiene que contar con mayores 
inseguridades que para metales. - Mediante estos coeficientes 
puede estimarse la conductividad termica de fases liquidas 
de corio en el punto de fusi6n, si se conoce la conductividad 
termica de las mismas en el punto.de fusi6n en el estado solido. Parade-
terminar la conductividad termica de la 'fase metalica'de corio EX1., · 
el corio ha sido preparado segun las etapas tecnol6gicas re-
presentadas esquematicamente en la fig. 35. 
Las medidas de la conductividad termica efectuadas (hasta 
1200 K) sobre probetas de corio EX1 preparadas de esta manera 
(ver fig. 36) y su extrapolaci6n · al punto de fusi6n 
(A ;l'd = 0,736 JK han proporcionado, con la aplicaci6n 
so 1 o cm s 
del coeficiente (2,0) la conductividad del corio EX1 pepresen-
tada en la fig. 37. Una extrapolaci6n correspondiente para 
acero proporciona aproximadamente la conductividad termica 
de la fase metalica del corio EX2 en el estado s6lido, seme-
jante al acero, 
A ;l'd so l 0 
J 
= 0,736 cm Ks 
y mediante el coeficiente (2,0) se tiene la conductividad 
'i..lf"'c. 
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3.4 (at -2675 K) 
AXl 
Metalphase -2275 0.085 (0.356) 5.4 (at -2275 K) 
Ox1de phase -2675 0.071 (0.297) 5.7 (at -2675 K} 
Meta! phase -2275 0.129 (0.540) 5.4 (at -2275 K) 0.049 (0.205) 
EXl 
- Ox1de phase I 
2.1 (at -2675 K) 
Meta! phase -1825 0.146(0611) 5.4 (at -1875 K) 0.044 (0.184) 
EX2 
Oxidephase -2675 0.060 (0.335) 5.7 (at -2675-K) 0.008 (0.033) 
-
.EX3 -2075 0.202 (0.846) 4.3 (at -2075 K) 
fig. 37: Propiedades de fases de corio en el estado liquido 
en sus puntos de fusi6n 
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termica de esta fase en el estado liquide (fig. 37). - La 
conductividad termica de la fase de 6xido u0 , 54 zr0 , 46 o 2 del 
corio EX2 en el estado s6lido (A 'l'd ~ 0,038 J JK ) puede 
so 1 o cm s 
calcularse a partir de las conductivid~des termicas de sus 
componentes uo 2 y Zro 2 mediante una relaci6n aplicable a 
cristales mixtos de conductores de fonones. De aqui se tiene 
con el coeficiente de la conductividad termica para compuestos 
i6nicos (1,16) en primera aproximaci6n la conductividad ter-
mica indicada en la fig. 37 de la fase de 6xido del corio EX2 
en el estado liquide. 
3.5 Viscosidades del corio 
Para la estimaci6n te6rica de la viscosidad en el punto de 
fusi6n se ha mostrado apropiada la ecuaci6n de Andrade 
ns 
-2/3 
= 612·10- 4 VM (20) 
(A = peso at6mico en g; VM = volumenmolar en cm3 ; T8 = punto 
de fusi6n en K) . 
El peso at6mico, el volumen molar y el punto de fusi6n 
del uo 2 proporcionaban p.ej.la viscosidad de uo2 para 3123 K 
con 5,7 cP. Experiencias detalladas han proporcionado con un 
uo 2 , 03 (a la temperatura ambiente) en el punto de fusi6n una 
viscosidad de 4,6 cP. Las viscosidades calculadas para fases 
liquidas de corio estan representadas en la fig. 38. En el 
calculo se han tomado en cuenta dependencias de temperatura 
de los metales y el hecho de que caldos del nucleo poseen 
varios componentes. Entretante se ha publicado un valor ex-
perimental para la fase metalica de un caldo de corio EX2 
(6,8 cP), que confirma bien el valor calculado (5,4 cP, ver 
fig. 37) dentro del margen de los limites de error. 
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